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Chapter 1

Low back pain and intervertebral disc degeneration

The intervertebral disc (IVD) arises from the embryonic notochord and mesenchyme and
develops into a complex tissue that permits movement between vertebrae and provides
flexibility and integrity to the spine’. The IVD consists of the vertebral endplates (EPs), the
annulus fibrosus (AF), and the nucleus pulposus (NP) (Figure 1). The AF contains concentric
lamellae mainly composed of collagen type |, elastin fibers, and fibroblast-like cells. Together
with the hyaline cartilage EPs, it encloses the bean-shaped NP3, By enabling diffusion and
permeability, the EPs play an essential role in NP nutrient delivery, since the latter has no
direct blood supply?. The NP contains a highly hydrated gelatinous matrix, mainly composed
of proteoglycan and collagen type 112. Cations, which are attracted to the negatively charged
proteoglycans, create a strong osmotic gradient that draws water molecules into the NP2
During early development, the NP contains a relatively large amount of cells and a small
amount of extracellular matrix (ECM), whereas the ECM/cell ratio is high in the healthy,
mature NP**. In the young and healthy NP, notochordal cells (NCs) are the main cell type
present. During IVD maturation, vacuolated NCs are replaced by non-vacuolated CLCs and in
the transitional NP, a mixture of chondrocyte-like cells (CLCs) and NCs is present. In early IVD
degeneration, CLCs are the main cell type present in the NP (Figure 1). In the human NP, the
replacement of NCs by CLCs already starts during childhood.

Healthy IVD P Early degeneration
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Figure 1. The transition from a healthy to an early degenerated canine intervertebral disc. Macroscopic and
microscopic images showing a healthy intervertebral disc (IVD) (left), and the transition (middle) into an early
degenerated IVD (right). The healthy IVD (upper left) consists of a well-distinguished lamellar annulus fibrosus
(AF) and a bean-shaped nucleus pulposus (NP). During disc degeneration, the distinction between AF and NP
becomes less clear (upper middle and right). In the healthy canine NP, notochordal cells (NCs) are the main cell
type present (lower left), whereas in the transitional NP, a mixture of chondrocyte-like cells (CLCs) and NCs is
present (lower middle). In early canine IVD degeneration, CLCs are the main cell type present in the NP (lower
right).
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Degeneration of the IVD is marked by changes in cell number and cell type, but is also
characterized by changes in the biochemical composition and mechanical integrity” *. The
glycosaminoglycan (GAG, a proteoglycan side chain) content decreases and catabolic matrix
metalloproteinase (MMP) activity and disorganized collagen content increases - the latter
creating a more rigid IVD matrix>>. Matrix repair is impaired in the avascular IVD, resulting in
weakening and increased vulnerability to damage by physiologic loading. A vicious circle of
continuous damage and inadequate repair develops, leading to disc degeneration rather
than healing. Once the degenerative process starts, it is progressive®. The decrease in GAG
content, and subsequent dehydration, causes a decrease in disc height’. Compressive forces
cause increased loading on the AF, generating a concave bending load on the AF and EPs.
This change in the direction of loading forces is considered to be responsible for AF tearing,
EP fracturing, and/or disc herniation. Herniation usually occurs on the dorsal side, because
the ventral part of the AF is two to three times thicker than the dorsal part and because the
vertebral column is normally more flexed than extended, resulting in higher tension in the
dorsal part than in the ventral partz.

Like humans, dogs suffer from spontaneous IVD degeneration with similar characteristics
and therefore, the dog is considered to be a suitable animal model for IVD degeneration in
humans®. In both species, IVD degeneration can be asymptomatic, however, symptoms
(humans) or clinical signs (dogs) may arise from the degenerated IVD itself and/or
surrounding tissues (bone, cartilage, ligaments, neural tissue) ultimately leading to IVD
disease. In dogs, IVD disease due to degeneration is a relatively common reason for
euthanasia®. IVD degeneration impairs the function of the spinal unit (IVD, EPs, ligaments,
facet joints and vertebral body), causing secondary osteoarthritic changes, bone
sclerosis/spondylosis, and neurological signs and deficits due to spinal cord or nerve root
compression’. Owners of dogs may report unilateral or bilateral lameness or
paresis/paralysis, toe dragging, low tail or neck carriage, difficulties with rising, sitting or
lying down, reluctance to jump or climb, urinary or fecal incontinence, and hyperesthesia or
self-mutilation®. Furthermore, pain is evoked by pressure applied to the affected spinal
region during the clinical examination by veterinary specialistslo.

Dog breeds can be divided into chondrodystrophic (CD) and non-chondrodystrophic (NCD)
breeds based on their physical appearance which coincides with a different clinical
representation. In CD dog breeds (e.g. Beagles and Dachshunds), IVD disease typically
develops in the cervical (C2-C6) or thoracolumbar (T11-L3) spine at about 3-7 years of age’.
These CD dog breeds have short bowlegs due to disrupted endochondral ossification, which
has strongly been linked with IVD degenerationS. NCD dog breeds, especially large breeds,
can also develop IVD disease, but in the caudal cervical (C5-T1) or lumbosacral (L6-S1) spine
at about 6-8 years of age, mostly due to trauma or “wear and tear”> 8. The macroscopic,
histopathological, and biochemical changes as well as the diagnostics and treatment of IVD
disease are rather similar in NCD and CD dogs™ &. Typically, in mature healthy CD dogs,
histological examination of the IVD shows clear evidence of degeneration in the NP, but a
completely normal lamellar structure of the AF™. Excessive loading may ultimately lead to
failure of the lamellar structure and rupture of the AF resulting in NP herniation. However,
sequestration of the NP in the spinal canal through an AF rupture may induce further IVD
degeneration. In NCD dogs, bulging of the IVD due to gradual degeneration of both the NP
and AF is often encountered.
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Cell culture

NP explant culture system

(in vitro) (in vitro)
Monolayer culture  Pellet culture Dyneema ® artificial annulus
P

Filter culture Alginate beads

Piston

Media outflow <——=

Gas permeable
silicon membrane

Porous stainless
steel plates

bioreactor

Animal model
(in vivo)

Loaded culture disc system
(in vitro)

Figure 2. Regenerative treatment strategies for intervertebral disc (IVD) degeneration. Upper left: in vitro cell
cultures: monolayer (2D), pellet cell culture (3D), filter cell culture (3D), and cell-containing alginate beads (3D).
Upper right: the in vitro nucleus pulposus (NP) explant culture system, in which the NP is cultured in an artificial
annulus system. As the artificial annulus may be buoyant, a stainless steel cylinder is added to keep the NP
submerged. Lower right: the in vitro loaded culture disc system, in which intact IVD explants are cultured under
loading conditions with preservation of biological and structural integrity. Lower left: in vivo animal models,
e.g., the rabbit, in which IVD degeneration is often experimentally induced, and the Beagle (chondrodystrophic
dog breed), which develops spontaneous IVD degeneration from 1 year of age (right). Pictures of the rabbit and
Beagle are obtained from Depositphotos (http://depositphotos.com).

Current treatments for IVD disease in both humans and dogs focus on alleviating pain and
include physiotherapy, anti-inflammatory/analgesic medication, and surgery. The aim of
surgery for IVD disease is to relieve the compression of neural structures, and procedures in
dogs include removal of the NP (nucleotomy) through fenestration of the AF alone or
combined with partial removal of the vertebral roof (laminectomy) or vertebral body
(ventral decompression)'?. Above mentioned therapies may resolve neurological deficits and
reduce pain (although in many cases insufficient), but they do not lead to repair of the
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degenerated IVD. In fact, long-term medication can cause side-effects, surgery can lead to
spinal instability and adjacent segment disease, and recurrence of IVD disease may occur™.
Therefore, there is increasing interest in regenerative therapies aimed at the biological
repair of the degenerated IVD, including cell-based strategies and the use of growth factors
or gene therapy. The specific aim of these therapies is to repair the degenerated disc matrix
and in this way, restore the biomechanical function of the IVD** . Research in the field of
regenerative medicine increases our understanding of disease processes and findings may
ultimately be translated into therapeutic interventions for both veterinary and human
patients. The focus of this chapter is to discuss potential regenerative treatment strategies
for IVD degeneration, with specific emphasis on cell-based strategies.

Models to develop new regenerative treatment strategies for IVD
degeneration

Regenerative treatment options are developed in vitro and then extrapolated to in vivo
animal models before being used in the clinic. Commonly used in vitro cell culture models
are 2D monolayer and 3D cell pellet/micro-aggregate culture, filter cell culture, or alginate
bead cell culture (Figure 2). A major disadvantage of these in vitro models, however, is that
the native tissue environment is lost during cell isolation, which might affect cell
behaviour™. Thus, cell culture experiments may not adequately represent the in vivo
situation, and care should be taken when interpreting the results of such studies. For this
reason, tissue explant systems have been developed, in which an environment is created
that more accurately resembles the in vivo situation™®. However, a drawback of NP explants
is that swelling pressure is no longer balanced by the AF and hyperosmolarity within the NP
is difficult to maintain, which results in NP tissue swelling. A special fiber jacket (artificial
annulus) has been developed to mimic the AF in the so-called NP explant system, creating a
physiological model to test the efficacy of regenerative therapies for IVD degeneration™ .
To mimic the in vivo situation even closer, whole organ culture bioreactor systems, e.g. the
loaded culture disc system, have been developed, in which intact IVD explants, including AF,
NP, and EPs, are kept alive under loading conditions for as long as six weeks with
preservation of biological and structural integrity'® '°. The last step for validating
regenerative medicine treatment strategies involves the use of in vivo animal models.
Models based on mice, rats, rabbits, goats, and dogs with experimentally induced IVD
degeneration have often been used?, but these animals, with the exception of dogs, do not
spontaneously develop IVD degeneration and disease. Interestingly, some in vivo IVD
regeneration studies have been performed with laboratory dogs with experimentally
induced IVD degeneration’*?®. To our knowledge, dogs with naturally occurring IVD
degeneration have not been widely used, even though it is recognized that CD dog breeds
are a suitable animal model of spontaneous IVD degeneration® *3. Only recently, one study
investigated the (regenerative) effect of intradiscally injected mesenchymal stromal cells
(MSCs) in NCD canine patients with spontaneously developed IVD disease?’.
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Chapter 1

Regenerative treatment options

Cell-based therapies

The synthesis of healthy NP matrix can be stimulated by means of growth factors and/or
gene therapy. However, since cell viability is impaired in the degenerated IVD, stimulation of
the remaining cells may be insufficient to achieve repair'®. Cell-based therapies may
overcome this problem (Figure 3). Thus far, cell-based treatment strategies have mainly used
CLCs, MSCs, and NCs®. These cell types are discussed below with regard to their
characteristics, effectiveness, benefits, and drawbacks.

Cell-bsed therapy

Regenerative treatment strategies
for IVD degeneration

B

Growth factors Gene therapy

Figure 3. Regenerative treatment options for intervertebral disc (IVD) degeneration: cell-based therapy,
growth factors, and gene therapy. Cell-based treatment strategies have mainly used chondrocyte-like cells
(CLCs), mesenchymal stromal (stem) cells (MSCs), and notochordal cells (NCs). The lower images show a
severely degenerated IVD macroscopically (left) and on haematoxylin & eosin staining (middle and right). The
lower right image shows a cluster of CLCs, which are frequently observed in (severely) degenerated IVDs.
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Chondrocyte-like cells (CLCs)

The cells found in the human adult and degenerating NP are similar, but not identical, to
articular chondrocytes and are therefore termed chondrocyte-like cells®®. Insertion of
autologous and allogeneic CLCs in the NP has been shown to retard IVD degeneration in
various species without inducing any appreciable host-versus-graft response®” 2% *°. This is in
line with the notion that the IVD is immune privileged due to its avascularity®® and the
expression of Fas ligand (FasL), which induces apoptosis of invading Fas-bearing T-cells** 2.

Although CLCs have regenerative potential, the severity of IVD degeneration can limit their
regenerative capacity. Degenerated CLCs may lose specific characteristics (e.g. their
chondrogenic potential), making them less suitable for tissue engineering purposes. CLC
transplantation has its limitations because these cells can only be obtained from herniated
discs, cell numbers are low, and extensive expansion before transplantation is needed*>.
Preconditioning expanding CLCs with AF cells, however, improved the performance of CLCs
in a rabbit IVD degeneration model**. Also, co-culture of CLCs with MSCs enhanced the
biological activity and viability of CLCs in vitro, as evidenced by increased cell proliferation
and matrix synthesis®**>*°. The latter is consistent with the well-known beneficial effect of
MSCs on articular chondrocytes®'.

Mesenchymal stromal (stem) cells (MSCs)

NP-derived cells are of limited availability42 and, therefore, current regenerative strategies
focus on stem cells, particularly MSCs. MSCs are emerging as a leading cellular therapy for
several diseases, since they can easily be isolated from a variety of tissues, including bone
marrow, adipose and synovial tissue, muscle, placenta, and umbilical cord blood. MSCs can
differentiate into different cell types, such as osteoblasts, adipocytes, chondrocytes,
myocytes, and neural cells****, depending on their environment®. In addition, MSCs have
immunosuppressive properties and secrete trophic/growth factors (anti-apoptotic,
stimulation of proliferation and differentiation) that support regenerative processes44'46. The
unique combination of these properties makes MSCs highly suitable for tissue replacement
therapies.

In vivo intradiscally injected MSCs have been shown to maintain their viability and
proliferate within the IVD*. Bone marrow-derived stem cell (BMSC) transplantation was
found to counteract IVD degeneration and/or increase the proteoglycan content of IVDs in
experimental rabbit and mouse models® 3 %31 Adipose-derived stem cell (ASC) and BMSC
delivery has also been shown to promote disc regeneration in an experimentally induced IVD
degeneration in (Beagle®®) dogs®. In addition, MSCs may be responsible for sustaining the
IVD immune privilege by differentiating into cells expressing FasL?*. The optimal number of
BMSCs for intradiscal delivery (4 weeks after NP aspiration) was estimated in Beagles, based
on the survival rate and apoptosis of CLCs in BMSC-injected IVDs?®. In IVDs injected with 10°
MSCs, the microenvironment and ECM abundance was maintained, whereas the injection of
fewer cells (10° MSCs) resulted in fewer viable cells and the injection of more cells (10’
MSCs) resulted in more apoptotic cells®®. The intradiscal injection of 2 x 10° BMSCs in NCD
dogs with spontaneously developed degenerative IVD disease, however, did not have
evident regenerative effects’’. The latter can be attributed to methodological aspects,
including cell concentration and injection volume, the size of the needle and the pressure
applied to the IVD during injection.

13
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Despite the overall promising experimental studies and clinical trials, there is uncertainty
about the chondrogenic differentiation of MSCs. Can MSCs differentiate into CLCs instead of
hyaline articular chondrocytes? MSCs have been reported to undergo chondrocytic
differentiation and form repair tissue that resembles hyaline cartilage during in vitro studies
or after transplantation into the NP3"*2. Morphologically, both articular cartilage and NP
tissue consist of chondrocyte(-like cells) surrounded by ECM, but there are considerable
differences in composition and biomechanical function®®. Properly differentiated MSCs
should therefore express notochord/NP specific marker genes, e.g. Paired Box Protein 1
(PAX1) and Forkhead box F1 (FOXF1) and have a proteoglycan:collagen ratio closer to that of
NP tissue than that of hyaline articular cartilage®>™>’.

Healthy and degenerated NPs of various species, including dogs, have been reported to
contain multipotent NP progenitor cells (NPPCs)* %% *%>° These NPPCs express genes typical
for stem cells, but differ from MSCs in the higher expression of the Nanog “stemness” gene®.
NPPCs are able to differentiate into the chondrogenic lineage in vitro, and to survive in the
aneural, avascular, hypoxic NP> . Thus, NPPCs might be appropriate for developing
regenerative strategies to treat IVD degeneration.

Notochordal cells (NCs)

The notochord is a mesodermal, curved rod-like structure that defines the primitive axis of
the body and serves as the center of development of the axial skeleton during
embryogenesis. Notochordal signals generate a mesenchymal peri-notochordal sheath,
which eventually gives rise to the AF, EPs, and vertebral bodies’. The notochord condenses
within the primitive AF to form the NP> % The composition of the NP changes as the IVD
matures: the number of cells of notochordal origin decreases and the smaller CLCs increase
in number® (Figure 1). NCs are characterized by their morphology: they are large and have
cytoplasmic vesicles, the content and function of which are still debated’. NCs are usually
found in clusters and secrete matrix rich in proteoglycan and collagen type 2. They have
considerable regenerative potential and restorative capacity for other cells (CLCs and MSCs),
which makes them an interesting focus for regenerative strategies.

Loss of the NC population is associated with the development of IVD degeneration®, and
thus restoring the NC population may help to delay or even reverse IVD degeneration“. The
NC population undergoes species-specific changes”’. Most studies report that in humans,
NCs disappear when they are about 7-10 years of age, whereas the age of onset of disc
degeneration is 30-50 years7. This means that CLCs also reside in healthy human IVDs.
However, in dogs, NCs are replaced by CLCs at about 1 year of age in CD breeds, but remain
the predominant cell type until middle/old age in NCD breeds® > **. In general, NCs are not
present in degenerated canine IVDs.

Interestingly, intradiscal MSC injection increased the number of NCs and matrix deposition in
murine degenerated IVDs>". This suggests that MSCs can promote NC proliferation and/or
prevent NC apoptosis and that the anabolic NC function can be stimulated by MSCs. Taking
into consideration the recently described NPPC population (which shows stem cell
characteristics) in healthy and degenerated IVDs, it is tempting to hypothesize that NPPCs
may be in cross-talk with resident NCs and have a functional role in the differentiation and
maintenance of NCs.

14
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The question arises: What is the role of NCs in the IVD degeneration process and hence their
potential function in IVD regeneration? The NCs may have a dual regenerative role: they may
instruct CLCs and/or replenish by differentiating into CLCs. NCs may serve as ‘organizer’ cells,
influencing the surrounding NP-cell homeostasis to maintain NP integrity. It seems
reasonable to consider NCs as a potential source of growth factors that stimulate NP matrix
synthesis®®, given the signaling role of the notochord during embryonic development®.
NC-conditioned medium (NCCM; medium in which NCs or NC-containing tissue is cultured
for four days and comprises NC-secreted soluble factors) has the potential to increase NP
GAG production and/or cell proliferation in vitro and in vivo®®. Furthermore, both NCCM
and CLC+NC co-culture stimulate the in vitro differentiation of MSCs into a NP-like
phenotype with a high chondrogenic matrix production®” 4% 43 61 62,68 70, 71 " Ncg may
maintain the young NP phenotype by secreting factors that suppress cell death’® and by
influencing genes that regulate IVD anabolic activity and matrix protection’>. Attempts have
been made to identify, isolate, and/or synthesize the bioactive factors in NCCM for use in
therapeutic interventions®>. NCCM may exert its effects in several ways: through
extracellular matrix components such as GAGs’* and/or through growth factors. Factors that
were already found are connective tissue growth factor (CTGF)®® ”°, transforming growth
factor-B; (TGF-B1), Wnt-induced soluble protein 2, insulin-like growth factor binding protein
7, and angiopoietin-like 7% in canine NCCM, and CTGF76, alpha-2-macroglobulin, clusterin,
and tenascin® in porcine NCCM. Affirmatively, CTGF has been shown to promote matrix
production, proliferation, differentiation, and cell migration and to inhibit apoptosis, effects
that prevent the development of IVD degeneration66' 73.77,78,

The exact mechanism how NCs exert their trophic effects remains to be determined. NCs
contain large vacuoles, which may be related to extracellular vesicles (EVs). Recently, EVs,
small lipid bilayer-enclosed particles released by all cell types, have attracted attention as
potential targets for the development of regenerative therapies79. EVs serve in intercellular
signaling, since they are protective carriers for biologically active molecules (e.g. mRNA,
microRNA, DNA, protein, lipid). They are either formed by direct budding from the cell
membrane or by fusion of endosomal-derived multivesicular bodies with the cell
membrane®’. The EV membrane contains proteins and lipids that enable cell adherence.
Interaction between EVs and target cells can occur via several routes: direct fusion with the
plasma membrane, thereby releasing their cargo, ligand binding at a receptor located at the
plasma membrane for pathway activation, or endocytosis and fusion with intracellular
compartments®" #2. Also, soluble factors can bind to the EV membrane for transport towards
target cells®®. In above mentioned ways, EVs play an important role in tissue
(patho)physiology and may transport regenerative factors towards diseased tissue. It
remains to be elucidated what role EVs play in degeneration and regeneration of the IVD.
Specifically, NC-derived EVs are of interest from a developmental and therapeutic
perspective.

Moreover, NCs are also considered to be ‘progenitors’ of the CLC population. It is much
debated whether the chondrification of the maturing IVD is due to the differentiation of NCs
into a CLC-like phenotype (stem cell function) or apoptosis of the NCs followed by invasion
of CLCs from other locations, e.g. the EPs and/or inner AF?® . There are several arguments
for and against the notion that NCs are CLC progenitor cells. The first argument that disputes
the progenitor function is the considerable difference in cell morphology and size of CLCs
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(17-23 pm) and NCs (25-85 pm)™’. Secondly, NCs and NCCM are both able to stimulate the
migration of EP chondrocytes®, which makes the NC organizer function more likely than the
progenitor function. Thirdly, two cell types have been detected in the developing notochord:
large vacuolated cells, resembling NCs, and smaller non-vacuolated cells, resembling CLCs®.
Thus, the presumed origin of NP tissue, i.e. the notochord, seems to contain cells that
appear similar to those detected in the NP itself. Fourthly, the gene expression profile is
different in NCs and CLCs, which also opposes the progenitor function status of NCs®®.
Fifthly, the self-renewal of NCs occurs infrequently and is not unlimited, aspects that oppose
the stem/progenitor cell function®. Lastly, Brachyury expression - often considered a marker
for NCs and required for the differentiation of mesoderm into notochord? - was not detected
in the human adult NP, which may argue against the hypothesis that both NC and CLCs are
derived from the notochord®’. The expression of this NC marker can, however, simply be lost
during (trans)differentiation of NCs into CLCs.

In contrast, there are several arguments in favor of the NC progenitor theory. Firstly, NCs
decrease and CLCs increase in number during ageing and disc degeneration, which could be
explained by the transformation of NCs into CLCs'. Histological and automated live cell-
imaging studies of degenerated IVDs show that NCs can differentiate into cells
morphologically similar to CLCs®" 88, Secondly, NCs have the ability to renew themselves in
vitro®®. Thirdly, chondrocyte volumes can vary about 10-fold in the growth plate, which
counteracts the argument that the differences in cell size are too large for NCs to be a
progenitor for CLCs. This variation in cell morphology and size can be explained by different
maturation stages and/or cell function’ 3. Porcine NCs have been shown to exhibit a
significant variation in cell morphology, size, and number®, implying that NC morphology
can change with time. Fourthly, it is known from growth plate chondrocytes that, within a
single cell population, cells of different sizes and/or location can express different gene
profiles, which could explain the difference in gene expression profiles between NCs and
CLCs™ 2. In fact, gene expression of NCs and CLCs showed substantial overlap, and Brachyury
expression remained constant during IVD degeneration when NCs were replaced by CLCs®”
%0 Fifthly, NCs and CLCs have been shown to synthesize proteoglycans at the same rate®,
which indicates that they have a comparable capacity to produce matrix. In contrast, others
found that NCs synthesized proteoglycans at significantly greater rates than CLCs’.
However, in this study, the CD dogs (donors of the CLCs) were older and had a higher disc
degeneration grade than the NCD dogs (donors of the NCs), which could have influenced the
study outcomes. Sixthly, trace lineage studies indicate that both NCs and CLCs are derived
from the embryonic notochord, suggesting that NCs are precursors of CLCs** %. Lastly, there
is as yet no marker that is homogenously and uniquely expressed within a specific
population (NC or CLC) and, therefore, it is impossible to state that both cells of notochordal
and mesenchymal origin are present within the IVD" >,

There are some points of interest concerning the design of experiments investigating NC-
based regenerative strategies for the treatment of IVD degeneration. Some species retain
NCs throughout life, whereas others lose them during development and ageing, which may
considerably influence experimental outcomes. Most studies report that NCs are present in
skeletally mature non-chondrodystrophic dogs, pigs, ferrets, rabbits, rats, and mice®> 7 42,
whereas in chondrodystrophic dogs, goats, horses, cows, and sheep, they disappear before

skeletal maturity is reached®>” 4. In contrast, others favor the hypothesis that in all animal
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species, including humans, NCs remain in the NP throughout life, although their phenotype
may change with age and disease®. It is important that inter-species differences are taken
into consideration and that research results are interpreted with care. Furthermore, NC
isolation has the disadvantage of a low purity or yield60, which is further complicated by the
lack of specific markers for NCs’. Brachyury, and Cytokeratin 8 or 19 have been proposed as
NC markers® ® ¢ but they are not very specific and show interspecies variation®. Additional
obstacles are the slow growth of NCs and their sensitivity to the external environment®. It is
essential that culture conditions are optimized, so that NCs do not lose their characteristics.
Thus far, culture media pH, glucose concentration, osmolality, and O, and CO, percentages
have been shown to affect maintenance of the NC-phenotype in culture’®?’.

Growth factors

Stimulation of cell proliferation and/or healthy matrix synthesis with exogenous growth
factors alters IVD homeostasis either by inhibiting catabolic and/or by stimulating anabolic
processes’. Several growth factors have been tested in vitro and most have been shown to
successfully decrease cell apoptosis and/or to enhance chondrogenic matrix production,
and/or to direct MSC differentiation towards an NP-like phenotype. Growth factors have
also been proven effective in vivo in animal models, but often with experimentally induced
instead of spontaneously developed IVD degeneration (Table 1).

The half-life and solubility of growth factors, the proper carrier, and the presence of
inhibitors need to be taken into consideration when growth factors are used in regenerative
strategies%. Since the NP is a confined, avascular space, the injected factor may be retained
for a long time. Some factors have been shown to bind to the ECM and metabolic changes
following a single growth factor injection might be sustained, potentially leading to long-
lasting effects®. If a growth factor has a short half-life, it can be administered by sustained
delivery systems. Since degenerated discs contain relatively few cells, the injection of growth
factors may not produce an optimal therapeutic effect®®. Combined cell- and growth factor-
based therapy may solve this problem.

Taken together, a therapeutic approach to IVD degeneration involving enhanced tissue
repair by exogenous growth factors may be clinically important, but more research is
needed to address the efficacy, duration of action, safety, and adverse effects of the growth
factors administered in vivo.

Gene therapy

In gene therapy-based regenerative medicine, messenger RNA can be degraded to decrease
the expression level of relevant genes or exogenous genes can be inserted into cells by
means of (non-) viral vectors to increase gene expression®. Once the transferred gene is
functional, the genetically modified cells can produce the desired product (e.g. a specific
growth factor) in a continuous fashion with long-lasting effects™®. Major barriers to the
clinical use of gene therapy, however, include transfection efficiency, the creation of long-
term effects, the difficulty of controlling cell proliferation and translation, ectopic
transfection, disease transmission, patient-specific dose responses, immune reactions
against viral proteins, possible side effects, and ethical issues'®" '°?. For these reasons, gene
therapy for IVD regeneration has not been used in a clinical setting yet to our knowledge.
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Drawbacks of regenerative treatment strategies for IVD
degeneration

Regenerative treatment strategies have some drawbacks. Firstly, early identification of IVD
degeneration is essential to prevent the occurrence of IVD disease. Early IVD degeneration
can be detected by means of MRI, but this diagnostic tool is typically only used when clinical
signs are profound. In the case of early IVD degeneration with minor clinical signs, there is
the ethical issue of whether the risks of an intradiscal injection are not higher than the
benefit that may be expected from the novel regenerative treatment'® . Secondly,
several cell- and growth factor-based regenerative treatment strategies have been tested in
vitro and in vivo in animal models with experimentally induced IVD degeneration, which may
not be representative for spontaneous IVD degeneration. As CD breed dogs have proven a
suitable animal model of naturally occurring IVD degeneration® '3, we advocate using this
model to assess the (side) effects of novel regenerative treatments. NP tissue from CD and
NCD dogs show differences in gene expression profiles'® and, therefore, future studies
should aim at determining whether CD and NCD dogs also respond differently on IVD
regenerative treatments. Thirdly, the performed regenerative IVD studies show halting of
degeneration (by increased disc height, proteoglycan or water content, and improved clinical
status of patients during follow-up), but it is not known whether the cell-based IVD
treatment strategies were actually able to regenerate NP tissue. Therefore, a critical analysis
of study results is important, e.g. by assessing how close the regenerated IVD resembles a
healthy IVD. Fourthly, the severity of IVD degeneration possibly influences the therapeutic
effect of injected cells and/or growth factors, since CLCs from degenerated IVDs may have
lost their chondrogenic potential. Additionally, the effect of injected cells/growth factors

may differ between early and severely degenerated IVDs'®.

Regenerative treatment strategies aim to treat the degenerative process at an earlier stage.
As such, they are developed based on minimally invasive concepts, and are primarily
provided though injection into the IVD. However, clinicians are concerned that injectable
treatments may cause side effects. There are several examples reported within this context.
Cell leakage after intradiscal BMSC injection has been reported to induce osteophyte
formation in a rabbit IVD degeneration model*®. Furthermore, the dose of growth factor to
be used needs to be fine-tuned. For example, intradiscal injection of bone morphogenetic
protein-2 (BMP-2) induced degenerative changes'®” and weekly intradiscal treatment with
growth and differentiation factor-5 (GDF-5) or insulin-like growth factor-1 (IGF-1) resulted in
inflammatory reactions in the adjacent vertebrae and connective tissue infiltrates in the NP,
causing the IVD to collapse'®. The latter was also noted in IVDs injected with saline and may
have been caused by multiple needle insertions®. Also, misplacement of recombinant gene
therapy products has been associated with lower extremity paralysis after intradural
injection, and with paraesthesia, systemic illness, and death after epidural injection®® *%°.
Furthermore, the sudden acceleration of the cell reproductive cycle by growth factor or gene
therapy treatment has been linked with chromosomal translocations or tumorigenesis>>.
Lastly, a meta-analysis demonstrated that treatment of a degenerated IVD with cells and
biomaterials showed better results on disc height restoration and MRI T2 signal intensity
than treatment with cells or biomaterial alone. However, none of the treatments could fully

restore the disc height or achieve the same MRI T2 signal intensity as the healthy disc**.
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Regenerative treatments in human patients

Nearly three-quarters of the human population will be affected by low back pain at some
stage in their lives®>. While this condition is multifactorial, IVD degeneration is one of its
major causes, involved in at least 40% of chronic back pain cases'*%. As no effective therapies
to retard or reverse disc degeneration have yet been devised, there is huge interest in
potential regenerative treatments for human patients. Therefore, over the past few years,
several human clinical phase | (safety) and Il (efficacy) cell-based trials have been initiated.

In the Euro Disc study, CLCs were obtained from 112 human patients with IVD herniation
who underwent discectomy, subsequently culture-expanded and after 12 weeks
percutaneously re-injected into the IVD?. Interim analysis revealed that human patients
receiving autologous CLC transplantation experienced a greater pain reduction after 2 years
and had a higher IVD fluid content on MRI than patients who did not undergo CLC
transplantation after discectomyzg. Ten human patients with lumbar IVD disease treated
with an intradiscal BMSC injection showed diminished pain and disability and a significantly
elevated IVD water content (MRI) at the 1-year follow-up™>. The same research group is
currently performing a clinical study on the treatment of IVD disease with allogeneic BMSCs
in twenty-four human patients (http://clinicaltrials.gov/show/NCT01860417). Furthermore,
another phase Il clinical trial enrolled 100 human patients with a single painful, degenerated
lumbar IVD and treated them with immuno-selected and culture-expanded MSCs at two
different dosages delivered in a hyaluronic acid-based hydrogel and compared that to
hydrogel alone. Interim analysis of 50% of the patients after 6 months follow-up indicated a
greater reduction in low back pain and an improvement in function in patients receiving 6 x
10° MSCs compared with control patients. The MRI status of the injected IVD, however, was
not affected by the treatment. No cell-related safety issues were encountered in this trial,
although the patients receiving 18 x 10° MSCs showed a higher incidence of adverse effects
(http://clinicaltrials.gov/show/NCT01290367). Another study tested the effect of
intradiscally injected allogeneic placental tissue extract on 30 human patients with
degenerated 1VDs (https://clinicaltrials.gov/show/NCT02379689), but no results are
available yet. Lastly, several human growth factor-based phase I/Il clinical trials were started
to evaluate the safety, tolerability, and preliminary effectiveness of intradiscal delivery of
growth and differentiation factor-5 (GDF-5) as compared with placebo (sterile water/vehicle
control) in human patients with early lumbar disc degeneration in the United States,
Australia, and the Republic of Korea. Clinical and safety outcomes in these trials are the
development of adverse events and the neurological status of patients
(http://clinicaltrials.gov/show/  NCT00813813, NCT01124006, NCT01158924, and
NCT01182337).

One Medicine

Over the past few years, both human and veterinary medicine have recognized the
importance of the ‘One Medicine’ concept: bringing together human and animal health for
new medical solutions, advantageous for humans as well as animals. Dogs are the only
animals that spontaneously develop IVD disease that is diagnosed and treated, both
medically and surgically, in the same way as in humans. Our research group has previously
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shown that the gross pathology, histopathology, GAG content, and MMP-2 activity of human
and canine IVDs were similar in all different stages of IVD degeneration®. Only some
differences between human and canine IVDs were found, such as the absence of growth
plates in developing human vertebrae, thicker cartilaginous endplates and more pronounced
endplate irregularities in humans with increasing severity of IVD degeneration®. Although
the canine IVDs were smaller than the human IVDs, the ratio of NP area/IVD area was similar
in the two species8. These facts indicate that human and canine IVD degeneration is
comparable at many different levels and that humans and dogs can benefit from each other
by being a suitable model for the other species. Human and canine patients with IVD
degeneration can thus be used as a study population to investigate the mechanisms of
degeneration and potential regenerative treatments, which is beneficial for both species and
suits the ‘One Medicine’ concept.

Conclusions

Cell-based or growth factor-based regenerative treatment of the degenerated IVD seems
promising. Clinical indications for intradiscal injections are (a) treatment of discogenic pain
without severe compression and/or neurologic deficits and (b) treatment of the adjacent
degenerated discs during decompressive spinal surgery. Percutaneous intradiscal injection
has been shown to be technically feasible and safe in canines® . This altogether paves the
way for prospective phase I-l clinical trials of minimally invasive cell- or growth factor-based
treatment in canine patients with spontaneously developed IVD disease. New strategies
need to concentrate on enhancing the cell-based regenerative potential by growth factors,
including those that are specifically secreted by the NCs.
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Aims and outline of this thesis

The main aim of this thesis is to develop regenerative treatment strategies for
intervertebral disc degeneration by mimicking developmental biology. To achieve this,
three different approaches are followed (Part I-1II, Figure 4).

Mimicking
developmental
biology to
regenerate the IVD
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Chapter 2. Cross-species effect NCCM Chapter 6. BMP-7 Chapter 10. PTHrP and VitD in growth plate
Chapter 3. Proteomic analysis of NCCM Chapter 7. BMP-2 vs. TGF-B1 Chapter 11. PTHrP and IHH in the IVD
Chapter 4. Extracellular vesicles in NCCM Chapter 8. (Short) Link-N
Chapter 5. Notochordal Cell Matrix (NCM) Chapter 9. Caveolin-1

Figure 4. Schematic representation of the outline of this thesis. IVD: intervertebral disc, NC: Notochordal cell,
NCCM: Notochordal cell-conditioned medium, BMP: Bone Morphogenetic Protein, TGF: Transforming growth
factor, PTHrP: Parathyroid hormone-related protein, IHH: Indian Hedgehog, VitD: Vitamin D. Developmental
biology picture modified from http://www.richardsonthebrain.com/developmental-biology

Part | - Notochordal cell-based therapies

During IVD maturation, the main cell type in the NP shifts from NCs to CLCs”, suggesting that
NCs play a role in maintaining tissue health. In line with this, NCs secrete bioactive factors
with regenerative potential upon CLCs®*®. In Part | of this thesis, the unique regenerative
potential of NCs and their secreted factors is employed for the development of a treatment
strategy for IVD degeneration. During initial development, these strategies preferably
employ non-human donors due to easy availability of their NC-rich NP tissue. To increase the
success of translating these strategies for clinical application, Chapter 2 delineates whether
NC-secreted factors of different species have a cross-species regenerative effect on human
CLCs from early degenerated IVDs in vitro. As a follow-up step, Chapter 3 aims to identify the
specific NC-secreted substances that stimulate IVD regeneration by performing mass
spectrometry on porcine, canine, and human NCCM. Furthermore, to determine whether
the effect of NCCM is mediated by soluble and/or pelletable factors, porcine and canine
NCCM is separated in a soluble (NCCM-S; peptides and proteins) and pelletable (NCCM-P;
protein aggregates and EVs) fraction by ultracentrifugation, and tested on bovine and canine
CLCs from early degenerated IVDs in vitro. Moreover, Chapter 4 aims to purify NC-secreted
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EVs from porcine NCCM through size exclusion chromatography, ultracentrifugation or
density gradient centrifugation. The isolated EVs are quantitatively analyzed by high-
resolution flow cytometry and their biologic effect is determined on canine and human CLCs
from early degenerated IVDs in vitro and compared with NCCM-derived proteins and
unfractionated NCCM.

Since identification of the regenerative NC-secreted factors may be time consuming and
cumbersome, Chapter 5 focuses on a straightforward approach for IVD regeneration, by
applying whole NC-derived matrix (NCM) derived from healthy porcine NPs. The first aim of
this chapter is to determine the (regenerative) effects of NCM on canine and human CLCs
from early degenerated IVDs in vitro. Additionally, as a first step towards translation from
bench to bedside, the effect of NCM is tested on mildly (spontaneously) and more severely
(induced) degenerated canine IVDs in vivo. For clinical IVD repair, however, NCM stimulation
alone may not be sufficient, since cell viability is impaired in the degenerated IVD™.
Therefore, the second aim of this chapter is to determine the effects of MSCs, alone and
combined with NCM, on degenerated canine IVDs in vivo.

Part Il - Growth factor-based therapies

Part Il of this thesis explores the potency of growth factors (expected to stimulate cell
proliferation and/or healthy ECM synthesis) to translate this treatment strategy towards a
clinical application for IVD disease. Chapter 6 aims to determine the effects of bone
morphogenetic protein-7 (BMP7), which has been shown to stimulate matrix production by
IVD cells in vitro™**** and in animal models of induced IVD degeneration in vivo#8 in a
spontaneous canine IVD degeneration model. For this purpose, canine CLCs are cultured
with BMP7 in vitro and BMP7 is intradiscally injected into early degenerated canine IVDs in
vivo. Given that growth factors differ in their biologic effects at the IVD level, Chapter 7
studies the differential effects of transforming growth factor-B; (TGF-B;) and bone
morphogenetic protein-2 (BMP2) on canine and human CLCs from early degenerated IVDs in
vitro. As a step towards preclinical translation, treatment with BMP2 alone and combined
with MSCs is further investigated by seeding the canine CLCs in albumin-based hydrogels
with/without BMSCs (50:50) in control or BMP2-supplemented culture medium.

Chapter 8 investigates the growth factor-like properties of Link-N, which stabilizes
proteoglycan aggregates in cartilaginous tissues, on human, bovine and canine CLCs from
early degenerated IVDs. Link-N has been shown to facilitate regeneration in rabbit'*?,
human®®®*?? and bovine®® 123 |yD cells by inducing Smad1 (BMP) signaling'*®. Dogs with
IVD disease could possibly benefit from Link-N treatment, but Link-N has not been tested on
canine IVD cells. Therefore, the aim this chapter is to determine whether Link-N is also
effective in canine CLCs. This will facilitate translation of Link-N into the clinic using the dog

as an in vivo large animal model for both canine and human IVD regeneration.

Lastly, Chapter 9 aims to determine the role of the membrane protein caveolin-1 in IVD
degeneration. As a scaffolding protein, caveolin-1 can influence several signaling
pathways'** and TGF-B receptors have been demonstrated to co-localize with caveolin-1'%°.
Therefore, this chapter explores whether caveolin-1 facilitates IVD repair by enhancing TGF-
B signaling in the IVD employing murine caveolin-1 null IVDs. Additionally, canine and human
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CLCs from early degenerated IVDs are either treated with caveolin-1 scaffolding domain
peptide and/or silenced for caveolin-1.

Part Ill - What can we learn from developmental biology?

Longitudinal bone growth occurs at the growth plate, a highly organized structure that
contains proliferating and differentiating chondrocytes. These chondrocytes undergo a
maturation process involving hypertrophy followed by apoptosis, thereby facilitating bone
formation*®® . Some changes that occur in osteoarthritis and IVD degeneration resemble
the processes that occur during growth plate chondrocyte differentiation®?*3.
Understanding the processes behind chondrocyte differentiation is crucial, and the growth
plate can be used to study this**® 13! vitamin D3, PTHrP, and IHH are all known to play an
essential role in growth plate chondrocyte proliferation and differentiation’***3*, but their
role in the IVD is yet unknown. For this reason, Part Ill of this thesis aims to better
understand their involvement in the postnatal IVD, thereby supplying therapeutic clues for
the development of a regenerative treatment for IVD disease.

To further elucidate the role of vitamin D; and PTHrP in chondrocytes, Chapter 10 first
investigates the possible existence of a paracrine feedback loop between vitamin D3 and
PTHrP in the growth plate. Second, this chapter aims to determine whether vitamin D3
and/or PTHrP could be used to prevent hypertrophic chondrocyte differentiation in
degenerative cartilaginous tissues. For this purpose, chondrogenic ATDC5 cells treated with
vitamin D3 or PTHrP, Col2-pd2EGFP transgenic mice, and primary Col2-pd2EGFP growth plate
chondrocytes isolated by FACS are analyzed in vitro. For a better understanding of the role of
the PTHrP/IHH feedback loop at the IVD level, the expression of PTHrP, IHH and related
receptors is explored in the healthy until severely degenerated canine and human IVD in
Chapter 11. Lastly, the functional effect of IHH and PTHrP is studied on canine CLCs from
early degenerated IVDs in vitro.

Conclusions, limitations and future perspectives of this thesis are discussed in Chapter 12.
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+: significantly better/higher than in the control group; AF, annulus fibrosus; BMP, bone morphogenetic
protein; DH, disc height; ECM, extracellular matrix; EP, end plate; FGF, fibroblast growth factor; GAG,
glycosaminoglycan; GDF-5, growth and differentiation factor-5; GHM, gelatin hydrogel microspheres; IGF-1,
insulin-like growth factor 1; MRI, magnetic resonance imaging; ND, not done; NP, nucleus pulposus; NS, not
significant; OP-1, osteogenic protein-1; P2K, Peniel 2000; PC, percentage proliferating cells; PG, proteoglycan;
PRP, platelet rich plasma; TGFB, transforming growth factor-f; T2W, T2-weighted; wks, weeks.
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Abstract

During intervertebral disc (IVD) maturation, the main cell type shifts from notochordal cells
(NCs) to chondrocyte-like cells (CLCs). NCs secrete factors with regenerative potential,
making them an interesting focus for regenerative treatments. During initial development,
these strategies preferably employ non-human donors due to easy availability of their NC-
rich nucleus pulposus (NP) tissue. To increase the success of translating these strategies for
clinical application, this study aimed to delineate whether NC-secreted factors of different
species have a regenerative effect on human CLCs. Human, canine, and porcine NC-rich NP
tissue and NC-conditioned medium (NCCM) were analysed biochemically and histologically.
Human CLC micro-aggregates from degenerated IVDs were cultured in human, canine, or
porcine NCCM. Collagen, glycosaminoglycan (GAG), and DNA content was determined and
histology was performed. Canine and porcine NPs were richer in NCs than human NPs.
Human NPs contained the highest collagen content, whereas the DNA and GAG content of
canine NPs was significantly higher than that of human or porcine NPs. NCCM from all
species significantly increased the DNA and GAG content of the human CLC micro-
aggregates. Porcine and canine NCCM were significantly more potent than human NCCM in
inducing GAG deposition, whereas only human NCCM induced collagen type Il production.
Secreted factors from human, canine, and porcine NC-rich NPs exerted regenerative effects
on human CLCs, indicating a cross-species effect. Bioactive compound(s) are present in
NCCM of different species that may reverse human IVD degeneration, supporting further
research into strategies based on NC-technology employing canine or porcine models for
their translation into humans.
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Introduction

Low back pain affects nearly 75% of the human population at some stage in their lives®.
Consequently, low back pain is a serious socioeconomic burden: in the US, the total cost
exceed $100 billion per year’. Degeneration of the intervertebral disc (IVD) has been
associated with low back pain. The IVD arises from the embryonic notochord and
mesenchyme and is situated between the vertebrae, where it transmits loads and allows
stable multi-directional spinal mobility> . The healthy IVD consists of the annulus fibrosus
(AF) and nucleus pulposus (NP). Degeneration of the IVD is a complex, multifactorial process
that is characterized by changes in the cell phenotype and composition of the extracellular
matrix. During IVD degeneration, the glycosaminoglycan (GAG, a proteoglycan side chain)
and water content decreases in the NP, changing the biomechanical environment of the IVD
cells. Because of the changed IVD matrix, diffusion of nutrients becomes impaired, which
further deteriorates the health of the IVD cells and healthy matrix synthesis. Since the
avascular VD exhibits inadequate matrix repair, a vicious circle develops in which the IVD
weakens and experiences increased vulnerability to damage by physiologic Ioadings' 6,

Current medical, physiotherapeutic, and surgical treatments for IVD disease aim at reducing
neurological deficits and pain, rather than IVD repair. For this reason, regenerative
strategies like gene-, growth factor- or cell-based therapies, that try to biologically repair the
degenerated IVD, have gained increasing interest” 8. They either aim at increasing the cell
numbers by cell transplantation and/or by stimulating proliferation of the resident cells or
matrix anabolism. Thus far, several growth factors and peptides (e.g. bone morphogenetic
protein, Link-N) have been shown to promote cell proliferation and/or matrix formation in
vitro and/or in vivo in animal models with experimentally induced IVD degeneration®*. In
addition, cell-based treatments using mesenchymal stromal cells (MSCs), articular
chondrocytes and chondrocyte-like cells (CLCs) derived from the NP 215 have been tested.
To date, however, only a limited number of regenerative therapies have entered the clinical
phase as a treatment for human IVD degeneration (e.g. the Mesoblast study (allogeneic
mesenchymal precursor cell (MPC) transplantation),
http://clinicaltrials.gov/show/:NCT00813813 (recombinant human growth and
differentiation factor-5 (rhGDF-5)), NCT01640457 (NOVOCART® disc plus autologous disc
chondrocyte transplantation), NCT01771471 (allogenic juvenile chondrocytes (NuQu)
transplantation), NCT01643681 (autologous adipose tissue derived MSC transplantation),
NCT02338271 (autologous adipose tissue derived MSC transplantation), and the study by
Mochida et al., 2015: MSC-activated chondrocyte-like CLC transplantation)le.

During IVD maturation, a transition in cell phenotype takes place from large, vacuolated
notochordal cells (NCs) to smaller, non-vacuolated cLcs'. During this process, the
vacuolated NCs obtain a transitional phenotype, i.e. they maintain their size but do not
contain vacuoles. Thereafter, they obtain a morphology of rounded CLCs. Early NC loss in
certain species (e.g. chondrodystrophic dogs) coincides with the onset of IVD degeneration.
NC-conditioned medium (NCCM, containing factors secreted by NCs) and NC:CLC co-culture
stimulate in vitro differentiation of MSCs into a NP-like phenotype'®®°, protect the NP from
apoptosis*” %2, and/or increase CLC proliferation and GAG production®'®*%®_ |n addition,
NCs significantly stimulate CLC activity and GAG production?’ and produce more GAGs than
CLCs®. NCs have also been described to exert potential symptom modifying actions, e.g.
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anti-inflammatory, anti-neurogenic and anti-angiogenic effects by secreting factors as sonic
hedgehoc, noggin, connective tissue growth factor and chondroitin sulfate®*. Thus, NCs
secrete factors with auspicious potential, making them an interesting target for regenerative
and/or symptom modifying therapies7. NC-based regenerative strategies are being
developed using canine non-chondrodystrophic (NCD) and porcine donors because of easy
availability of their NC-rich NP tissue’. Although regenerative effects of canine and porcine
NC-secreted factors on human CLCs/MSCs have been demonstrated in several studies™® %
2233 the impact of human NC-secreted factors has never been determined, most probably
due to limited availability of human NC-rich NP tissue. It is, however, important to define if
the human CLC response to homologous human NC-secreted factors is superior to canine
and porcine NC-secreted factors. Therefore, the main aim of this study was to delineate
whether secreted factors from NC-rich NP tissue from different species have a differential
regenerative effect on human CLCs derived from degenerated IVDs. For this purpose,
human, canine, and porcine NC-rich NP tissue was cultured to generate NCCM. Given the
differences in life span and in NC-maintenance with ageing between these species, it
impossible to account for the ageing effect and distinguish it from the species-specific
NCCM effect. Human CLCs derived from degenerated IVDs (Thompson grade Ill) were
isolated and after expansion cultured in human, canine, or porcine NCCM using a micro-
aggregate culture system and compared with CLCs cultured in basal and chondrogenic
culture medium.

Materials and methods

NC-rich NP tissue sources

IVD tissue (Thompson grade 1) was collected from 12 human, 13 canine, and 7 porcine
donors. IVDs from human donors between 20 weeks of gestation and 3 months of age
(postnatal) were obtained during a standard postmortem diagnostic procedure in which
part of the spine was collected within 48 hours after death, as approved by the scientific
committee of the Pathology department of the University Medical Centre Utrecht.
Anonymous use of redundant tissue for research purposes is a standard treatment
agreement with patients in the University Medical Centre Utrecht (Local Medical Ethical
Committee (METC) number 12-364). The material was used in line with the code ‘Proper
Secondary Use of Human Tissue’ as installed by the Federation of Biomedical Scientific
Societies. Complete canine spines (18-23 months of age) were collected from NCD dogs that
had been euthanized in unrelated research studies (approved by the Utrecht University
Animal Ethics Committee). Complete porcine spines (3 months of age) were collected from
the slaughterhouse in accordance with local regulations. IVDs from all donors were opened
under sterile conditions and NP tissue was collected by precise separation from the AF and
cartilaginous endplates.

DNA and extracellular matrix content of human, canine and porcine NC-rich NP tissue
Collagen, DNA and GAG content

NC-rich NPs from 4 human (22 weeks of gestation, 3 days, 5 days and 3 months of age), 21
canine (18-23 months of age), and 6 porcine (3 months of age) donors were used for
histological and biochemical analysis. The human, canine, and porcine NP tissue (naturally
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hydrated) was weighted using a microbalance. Papain digestion solution (pH 6, 200 mM
H,NaPO4*2 H,0 (21254, Boom B.V., Meppel, the Netherlands), 10 mM EDTA (100944, Merck
Millipore, Amsterdam, the Netherlands), 10 mM cysteine HCI (C7880, Sigma-Aldrich, Saint
Louis, USA), and 10 mM papain (P3125, Sigma-Aldrich, Saint Louis, USA)) was added to each
NP, followed by overnight incubation at 60°C. The collagen content of NC-rich NP tissue was
assessed using a hydroxyproline (HYP) assay>?. Papain-digested NP samples were lyophilized
for 1 hour (Savant SpeedVac® System AES 2010 Concentrator) and hydrolysed overnight at
108°C in 4 M NaOH (106498, Merck Millipore, Amsterdam, the Netherlands) in
demineralized water. The samples were then centrifuged (15 seconds at 14000g) and
incubated for 20 minutes with chloramine T reagent (2426, Merck Millipore, Amsterdam,
the Netherlands). Thereafter, freshly prepared dimethylaminobenzaldehyde (DMAB;
103058, Merck Millipore, Amsterdam, the Netherlands) was added and the samples were
incubated for 20 minutes at 60°C. The absorbance (570 nm) was read using a microplate
reader (Model 3550, Bio-Rad, Veenendaal, the Netherlands). A linear standard line was
generated with hydroxyproline (104506, Merck Millipore, Amsterdam, the Netherlands).
The collagen content in the samples was calculated by multiplying the hydroxyproline
content by 7.5%%). The DNA content per mg wet NP tissue was measured using the Qubit®
dsDNA High Sensitivity Assay Kit (Q32851, Invitrogen, Paisley, UK) according to the
manufacturer’s instructions. To quantify the GAG content per mg wet NP tissue, a dimethyl
methylene blue (DMMB) assay was performed™. Immediately after DMMB (341088, Sigma-
Aldrich, Saint Louis, USA) was added, the absorbance (540/595 nm) was measured using a
microplate reader. The GAG content was calculated using a chondroitin sulphate (C4384,
Sigma-Aldrich, Saint Louis, USA) standard line with polynomic properties.

Safranin O/Fast Green staining

NP tissue was fixed in 4% neutral buffered formaldehyde (4286, Klinipath B.V., Duiven, the
Netherlands) for 24 hours at room temperature (RT) and embedded in paraffin. Five um
sections were mounted on Microscope KP+ slides (KP-3056, Klinipath B.V., Duiven, the
Netherlands) and deparaffinized through xylene (two times 5 minutes) and graded ethanol
(96%, 80%, 70%, 60%; 5 minutes each), followed by one PBS rinse. The sections were
subjected to Mayer’s hematoxylin (3870, J.T.Baker® Chemicals - Avantor Performance
Materials, Center Valley, USA) for 10 seconds and rinsed with demineralized water for 5
minutes. Subsequently, the sections were counterstained with filtered 0.4% Fast Green
(F7252, Sigma-Aldrich, Saint Louis, USA) for 4 minutes, subjected to 1% acetic acid for two
times 3 minutes, and stained with 0.125% aqueous Safranin O (58884, Sigma-Aldrich, Saint
Louis, USA) for 7 minutes. The sections were then dehydrated with 100% ethanol (2
minutes) and xylene (two times 5 minutes) and mounted (Vectamount, H5000, Vector
Laboratories, Burlingame, USA).

Collagen type I and Il immunohistochemistry

For collagen type Il immunohistochemistry (IHC), the sections were deparaffinized (see
previously). Thereafter, they were blocked for 10 minutes with 0.3% H,0, (51008600.9025,
Boom B.V., Meppel, the Netherlands) and washed three times for 5 minutes with PBS +
0.1%Tween (PBSTO0.1%). Antigen retrieval was performed with 1 mg/mL pronase
(11459643001, Roche Diagnostics, Almere, the Netherlands) and 10 mg/mL hyaluronidase
(H3506, Sigma-Aldrich, Saint Louis, USA) in PBS for 30 minutes at 37°C. After washing with
PBST0.1%, the sections were blocked with 5% BSA in PBS for 30 minutes at 37°C. Thereafter,
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they were incubated overnight at 4°C with collagen type Il mouse monoclonal antibody (0.4
pg/mL, 1I-116B3, DSHB, lowa city, IA) in 5% BSA in PBS. In control staining, the first antibody
was substituted with normal mouse IgG; (0.4 pg/mL; 3877, Santa Cruz Biotechnology,
Heidelberg, Germany). These negative controls showed no staining. The next day, the
sections were washed with PBST0.1% before the secondary antibody (EnVision+ System-HRP
Goat Anti-Mouse, K4001, Dako, Glostrup, Denmark) was applied for 60 minutes at RT. After
washing with PBS, the sections were incubated with the liquid DAB substrate chromogen
system (K3468, Dako, Glostrup, Denmark) for 10 minutes and counterstained with
Hematoxylin QS solution (H3404, Vector Laboratories, Burlingame, USA) for 1 minute.
Thereafter, they were washed with tap water for 10 minutes and dehydrated with graded
ethanol (70%, 80%, 96%, 100%) and xylene (two times 5 minutes) and mounted. For
collagen type | IHC, the same procedures were followed with the Anti-Collagen | antibody
(0.1 pg/mL, ab6308, Abcam, Cambridge, UK).

Generation and analysis of species-specific NCCM

Generation of NCCM

Conditioned medium was generated from NC-rich NP tissue (Thompson grade 1) of 10
human, 4 canine and 4 porcine donors (Table 1). The NP tissue was cultured for 4 days (1
gram tissue/30 mL) in hgDMEM+Glutamax (31966, Invitrogen, Paisley, UK) with 1% P/S
(P11-010, GE Healthcare Life Sciences, Eindhoven, the Netherlands) at 37°C, 5% CO, and 5%
0, (hypoxic; 6 human donors and all canine/porcine donors) or 21% O, (normoxic; 4 human
donors) using a Sanyo MCO-18M incubator. After 4 days, the NP tissue was removed and
the NC-conditioned medium was filtered through a 70 um cell strainer. The filtrate was
sequentially centrifuged at 200g and 500g (two times ten minutes, 4°C) to remove (dead)
cells and debris. Thereafter, the supernatant containing the cell-free conditioned medium
was concentrated using a 3 kDa Amicon Ultra-15 Centrifugal filter tube (Merck Millipore,
Amsterdam, the Netherlands) at 4000g (45 minutes, 4°C). All substances with a molecular
weight > 3 kDa were resuspended in fresh hgDMEM+Glutamax and stored in aliquots at -
70°C until use. Per canine and porcine donor, about 100 mL NCCM was generated from all
harvested NPs. The human NPs, however, were very small and only 2-3 NPs were available
per donor, resulting on average in 1 mL NCCM per donor. Due to volume limitations, the
hypoxic NCCM of 4 human donors (20-21 weeks of gestation) were pooled (two times two
donors, Table 1) to perform the complete in vitro study design. Eventually, 4 normoxic (all
separate) and 4 hypoxic (2 separate and 2 pooled) human NCCM donors were used in the
culture experiments.

Collagen, GAG, and protein concentration of species-specific NCCM

Filtrated, cell(debris)-free NCCM from 7 human (21 weeks of gestation — 3 months of age), 7
canine (18-23 months of age), and 7 porcine (3 months of age) donors were biochemically
analysed. A HYP and DMMB assay were performed as described above. To determine the
NCCM protein concentration, the Qubit® Protein Assay Kit (Q33211, Invitrogen, Paisley, UK)
was used according to the manufacturer’s instructions.
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Table 1. Human, canine and porcine notochordal cell-conditioned medium (NCCM) donor

characteristics

Species HX/NX Thompson Level Donor n Donor age Life span
grade number (years)
Human HX 1 L2-L5 1 2 (pooled) | 20 weeks of | 80
gestation

2 (pooled) | 21 weeks of
gestation

1 days

6 days

N

Human NX 1 L2-L5 2 days 80
3 days

5 days

3 months
18 months 10-15
23 months
20 months
18 months

Canine HX 1 Whole spine
(C2-S1)

3 months 10-20
3 months
3 months
3 months

Porcine HX 1 Whole spine
(C2-s1)

MW N[R[AWIN|R|o|N|o|U|S|w
RiR(R|IRIR|IRIR(R|IR(R|R|(R[R|R~

NCCM was generated from NC-rich NP tissue of 10 human, 4 canine and 4 porcine donors. n: number of
individuals from which NP tissue was used to generate NCCM; HX: NCCM generated under hypoxic (5% O,)
conditions; NX: NCCM generated under normoxic (21% O,) conditions. The species life span of the canine and
porcine donors depends upon the breed.

In vitro micro-aggregate culture of human CLCs derived from degenerated IVDs

CLCs of 3 human donors (two females and one male, age range 47-63 years) were obtained
from IVDs scored as Thompson grade lll. These IVDs were obtained during a standard
postmortem diagnostic procedure in which part of the spine was collected within 48 hours
after death, as approved by the scientific committee of the Pathology department of the
University Medical Centre Utrecht. Anonymous use of redundant tissue for research
purposes is a standard treatment agreement with patients in the University Medical Centre
Utrecht (Local Medical Ethical Committee (METC) number 12-364). The material was used in
line with the code ‘Proper Secondary Use of Human Tissue’ as installed by the Federation of
Biomedical Scientific Societies. The CLCs were expanded in expansion medium containing
hgDMEM+Glutamax with 10% FBS (Gibco 16000-044, Life Technologies, Bleiswijk, the
Netherlands), 1% P/S, 0.1 mM Ascorbic acid 2-phosphate (A8960, Sigma-Aldrich, Saint Louis,
USA), 10° M dexamethasone (AD1756, Sigma-Aldrich, Saint Louis, USA) and 1 ng/mL bFGF
(PHP105, AbD Serotec, Puchheim, Germany) at 21% O,, 5% CO,, 37°C. Medium was changed
twice weekly. After the CLCs reached 90% confluence in P2, they were pooled and micro-
aggregates of 35,000 cells were formed (day 0). In the experimental setup, human CLCs
were pooled (a) due to volume limitations of the available human NCCM and (b) in order to
specifically assess the effect of donor-specific NCCM on a representative human CLC
population that was derived from degenerated IVDs. The pooled CLCs were plated in low-
adherence cell-repellent surface 96-well plates (650970, CELLSTAR® Greiner Bio-one, Alphen
a/d Rijn, the Netherlands) in 50 pL basal culture medium: hgDMEM+Glutamax with 1% P/S,
1% ITS+ premix (354352, Corning Life Sciences, Amsterdam, the Netherlands), 0.04 mg/mL
L-proline (P5607, Sigma-Aldrich, Saint Louis, USA), 0.1 mM Ascorbic acid 2-phosphate, and
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1.25 mg/mL Human Serum Albumin (HSA, Sanquin Research, Amsterdam, the Netherlands).
The 96-well plates were centrifuged at 50g for 5 minutes to induce micro-aggregate
formation. The next day, basal culture medium was replaced with either basal culture
medium for the negative control micro-aggregates, chondrogenic culture medium (basal
culture medium supplemented with 10 ng/mL human recombinant TGF-B; (240-B, R&D
Systems, Inc., Minneapolis, USA)) for the positive control micro-aggregates or
human/canine/porcine NCCM supplemented with 1% P/S, 1% ITS+ premix, 0.04 mg/mL L-
proline, 0.1 mM ascorbic acid 2-phosphate, and 1.25 mg/mL HSA. The micro-aggregates
were cultured for 28 days in 21% O,, 5% CO,, 37 °C.

Cell proliferation and extracellular matrix production of the human CLC micro-aggregates

The effect of washing NCCM-treated micro-aggregates

Given that NCCM contains a high GAG concentration which could attach to the micro-
aggregates (resulting into a false positive high GAG content), human CLC micro-aggregates
cultured for 7 days in canine NCCM (n = 4) were 0, 1, 2, or 3 times incubated in 1 mL Hanks
Balanced Salt Solution (HBSS, 14024, Life Technologies, Bleiswijk, the Netherlands) for 1
minute to determine whether washing decreased the measured GAG content of the micro-
aggregates.

Collagen, DNA and GAG content

At day 28, the collagen content, and at day 0, 14, and 28, the DNA and GAG content of the
human CLC micro-aggregates were determined as described above (n = 8-16 per condition).
The micro-aggregates were washed three times with 1 mL HBSS to remove any residual
(conditioned) medium, lyophilized for 1 hour, and stored (-20 °C) until use. GAG release into
the NCCM culture medium could not be determined due to extremely high NCCM GAG
concentrations compared with the GAG release by the micro-aggregates.

Histology

At day 28, the micro-aggregates were fixed for 24 hours in 4% neutral buffered
formaldehyde containing 1% eosin (115935, Merck Millipore, Amsterdam, the Netherlands)
to be able to detect them during the cutting process. The next day, the micro-
aggregates were embedded in one drop 2.4% alginate (A2033, Sigma-Aldrich, Saint Louis,
USA) and paraffin. Five um sections were stained with Safranin O/Fast Green as described
above, preceded by incubation in citrate (100244, Merck Millipore, Amsterdam, the
Netherlands) buffer (10 mM, 0.05% Tween, pH 6) for 15 minutes at RT to ensure alginate
removal. IHC staining for collagen type | and Il was performed as described previously. For
collagen type X immunohistochemistry, antigen retrieval was performed with 0.5% pepsin in
PBS (S3002, Dako, Glostrup, Denmark) for 20 minutes at 37°C and 10 mg/mL hyaluronidase
in PBS (30 minutes, 37°C). The sections were blocked at RT with Dual Endogenous Enzyme-
Blocking Reagent (52003, Dako, Glostrup, Denmark) and goat serum (5 and 30 minutes,
respectively). Thereafter, the sections were incubated overnight at 4°C with 1:50 diluted
primary Collagen Type X antibody (2031501005, Quartett, Berlin, Germany). In control
staining, the primary antibody was substituted with normal mouse 1gG; (4 pug/mL; 3877,
Santa Cruz Biotechnology, Heidelberg, Germany). These negative controls showed no
staining. The next day, sections were washed with PBST0.1% before the secondary antibody
(EnVision+ System-HRP Goat Anti-Mouse, K4001, Dako, Glostrup, Denmark) was applied (30
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minutes, RT). After washing with PBS, the sections were incubated with the liquid DAB
substrate chromogen system, counterstained with Hematoxylin QS solution, washed with
tap water, dehydrated and mounted (see above).

Gene expression of the human CLC micro-aggregates

In order to study the transcriptional response of CLCs to NCCM at day 7, micro-aggregates (n
= 6 per condition) were frozen in liquid nitrogen and crushed using pestles (P9951-901,
Argos Technologies, Elgin, USA). RNA was extracted with the RNeasy® Micro kit (74004,
Qiagen, Valencia, USA) according to the manufacturer’s instructions. A DNase (RNAse-Free
DNase Set, 79254, Qiagen, Valencia, USA) step was included to ensure DNA removal. The
quality of the isolated RNA was assessed with an Agilent 2100 Bioanalyzer and RNA
Nanochip kit (5067-1511, Agilent Technologies, Amstelveen, the Netherlands). cDNA was
synthesized using the iScript™ cDNA Synthesis Kit (170-8891, Bio-Rad, Veenendaal, the
Netherlands) according to the manufacturer’s instructions. Primer sequences were designed
using PerlPrimer (http://perlprimer.sourceforge.net) or obtained from previous work
(Supplementary File 1). M-fold was used to check for secondary structure formation®®.
Primer uniqueness and specificity was determined using BLAST>. Annealing temperatures
were established by performing a temperature gradient PCR on a 16-fold dilution series. The
four most stably expressed reference genes (TATAA-box binding protein (TBP),
hypoxanthine-guanine phosphoribosyltransferase (HPRT), succinate dehydrogenase subunit
A (SDHA) and tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein,
zeta polypeptide (YWHAZ)) were chosen to normalize gene expression of the target genes
(aggrecan (ACAN), a disintegrin and metalloproteinase with thrombospondin motifs 5
(ADAMTSS5), Bcl2-like-protein (BAX), B-cell CLL/lymphoma 2 (BCL-2), caspase-3 (CASP3),
collagen type | (COL1A1), collagen type Il (COL2A1), collagen type X (COL10A1), cyclin D1
(CCND1) and matrix metalloproteinase 13 (MMP13)). RT-qPCR was performed using the
iQT™ SYBR Green Supermix Kit (Bio-Rad, Veenendaal, the Netherlands) and the
CFX384 Touch™ Real-Time PCR Detection System (Bio-Rad, Veenendaal, the Netherlands).
For determination of relative quantitative gene expression, the Normfirst (E**“Y) method
was used. For each target gene, the Cg-value of the test sample and the calibrator sample
was normalized to the mean Cqg-value of the reference genes: ACq = COmean ref — CQtarget. Cq-
values of the negative control micro-aggregates were used as calibrator. Secondly, the E*“-
value for the test and calibrator sample was calculated. In this formula, E indicates the
amplification efficiency of the target/reference gene. E**“® was calculated by normalizing
the E*“%value of the test sample to the one of the calibrator; EAA% = pACatest _ pAca calibrator
For each target gene, the mean n-fold changes and standard deviations in gene expression
were calculated.

Statistical analysis

All statistical analyses were performed using IBM SPSS statistics 22. First, the data were
examined for normal distribution using a Shapiro Wilks test. A Kruskal Wallis and Mann-
Whitney U test were performed on non-normally distributed data, whereas general linear
regression models based on ANOVAs were used for normally distributed data. All tests were
followed by a Benjamini & Hochberg False Discovery Rate post-hoc test for multiple
comparisons. A p-value < 0.05 was considered significant.
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Results

Analysis of human, canine and porcine NC-rich NP tissue and species-specific NCCM

To characterise the species-specific NP tissue where the NCCM was generated from, the
histological phenotype of the NC-rich NP tissue was determined. It appeared comparable in
all human donors under 3 months. Healthy canine and porcine NP tissue contained
considerably more typical large, vacuolated NCs than human NP tissue, which contained
large areas of extracellular matrix with relatively few cells (Figure 1). Scattered throughout
the human NP, cells with a transitional phenotype (large, non-vacuolated cells) or CLC
phenotype (small, non-vacuolated cells with little cytoplasm) were present. NCs were only
scarcely present and were predominantly positioned in cell clusters.

Porcine

Safranin O / Fast Green

Figure 1. Canine and porcine nucleus pulposus (NP) tissue contains typical notochordal cells (NCs), whereas
human NP tissue contains more cells with a transitional phenotype and chondrocyte-like cells (CLCs).
Safranin O/Fast Green staining of representative human (3 days of age), canine (18 months of age) and porcine
(3 months of age) NP tissue obtained from IVDs with Thompson grade I|. The lower panel shows the NP cellular
phenotype in more detail. Arrows indicate typical large vacuolated NCs, arrowheads indicate typical smaller
non-vacuolated CLCs and stars indicate the transitional cell phenotype found in human NP tissue.

The GAG and DNA content per mg wet canine NC-rich NP tissue was significantly higher than
that of human and porcine NC-rich NP tissue (Figure 2a; p<0.05). The GAG content corrected
for the DNA content of the human, canine and porcine NP tissue, however, was comparable
for all species (data not shown). NC-rich human NP tissue contained significantly more
collagen (per mg wet NP weight and per pg DNA of the NP) than NC-rich canine and porcine
NP tissue (Figure 2b; p<0.05). In line with these results, the GAG/collagen ratio was
significantly lower in the human than in the canine and porcine NC-rich NP (Figure 2c;
p<0.05). Canine NC-rich NP tissue contained significantly more collagen per mg wet tissue
than porcine NC-rich NP tissue (p<0.01), but not more collagen per DNA content of the NP
(Figure 2b). Additionally, there was no statistically significant difference in the GAG/collagen
ratio between canine and porcine NC-rich NPs (Figure 2c). In the foetal human NP tissues,
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the GAG:collagen ratio was 3.4:1, which equals a GAG:hydroxyproline ratio of 25:1. The
latter is in line with previous findings in healthy 2- to 5-year-old human donors, in which the
NP GAG:hydroxyproline ratio was 25:1, whereas it was 2:1 in the AF and 3:1 in the
cartilaginous endplate36. Collagen type Il protein was abundantly present in the extracellular
matrix of the NP of all donors, regardless the donors species and age, whereas collagen type
| was not expressed within the NP (Figure 3). Thus, in the present study, human NP tissue
was successfully separated from AF tissue and that solely the effect of species-specific NP-
secreted factors was compared, without interference from AF and/or endplate-secreted
substances.

The protein and GAG concentration of human and porcine NCCM was comparable and
significantly lower than that of canine NCCM (Figure 2d; p<0.05). Collagen was undetectable
in NCCM of all tested species (data not shown).
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Figure 2. Canine nucleus pulposus (NP) tissue contains the highest DNA and GAG content, whereas human
NP tissue contains the highest collagen content. Biochemical differences between human, canine, and
porcine NC-rich NP tissue (Thompson grade |) and NC-conditioned medium (NCCM). (a) The DNA (grey bar) and
GAG (black bar) content (mean+SD) of NC-rich human, canine and porcine NP tissue. (b) The collagen content
(mean+SD) of NC-rich human, canine and porcine NP tissue per mg wet NP weight (grey bar) and per DNA
content of the NP tissue (black bar). (c) The GAG/collagen ratio (mean+SD) of NC-rich human, canine and
porcine NP tissue. (d) The protein (grey bar) and GAG (black bar) concentration (mean+SD) of human, canine
and porcine NCCM. a: p<0.05; b: p<0.01; n=4 (human), 21 (canine) and 6 (porcine) for NC-rich NP tissue and
n=7 (all species) for NCCM analysis.
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Figure 3. Human, canine and porcine nucleus pulposus (NP) tissue contains collagen type Il but no collagen
type | protein. Collagen type | and Il protein expression of representative human (foetal, 21weeks of
gestation), canine (18 months of age) and porcine (3 months of age) NPs obtained from IVDs with Thompson
grade I.

In vitro effects of species-specific NCCM on human CLCs derived from degenerated IVDs

Since NCCM contains a high GAG concentration that could attach to the outer layer of the
micro-aggregates (resulting in an overestimation of the micro-aggregate GAG content),
micro-aggregates were washed (1 minute in 1 mL HBSS) to investigate whether this would
result into a lower GAG content. Washing the micro-aggregates one or two times resulted
into a significantly lower GAG/DNA content (p<0.05; Figure 4g). There was no significant
difference in GAG/DNA content between micro-aggregates that were washed two or three
times.

No significant differences were detected in DNA, GAG and GAG/DNA content of micro-
aggregates cultured in human NCCM generated under normoxic (NX) and hypoxic (HX)
conditions (Figure 4a-c), suggesting that oxygen status during NCCM generation does not
result into a differential biologic activity on human CLCs. Therefore, the results of these two
NCCM conditions were pooled in the rest of the study. The DNA content of the human CLC
micro-aggregates decreased over time in every culture condition, except for canine NCCM
(p<0.05; Figure 4d). Although not as distinct as TGF-B; treatment, NCCM from all species
significantly increased the DNA content of the micro-aggregates compared with controls
(p<0.001; Figure 4d). The DNA content of the micro-aggregates cultured in human NCCM
was significantly lower than those cultured in canine and porcine NCCM (p<0.05; Figure 4d).
NCCM from all species significantly increased the GAG and GAG/DNA content of the micro-
aggregates compared with untreated CLCs (p<0.001; Figure 4e and 4f). Although not as
potent as TGF-B; treatment, canine and porcine NCCM were significantly more potent than
human NCCM in inducing GAG deposition by human CLCs (p<0.001, Figure 4e and 4f).
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Figure 4. NC-conditioned medium (NCCM) derived from human, canine and porcine donors exerts
regenerative effects on human chondrocyte-like cells (CLCs) derived from degenerated intervertebral discs
(IVDs). Cell proliferation and matrix production of human CLCs derived from degenerated IVDs cultured in
micro-aggregates in basal culture medium (control), chondrogenic culture medium (with 10 ng/mL TGF-B;) and
NC-conditioned medium (NCCM) of different species. (a-c¢) DNA, GAG and GAG/DNA content (mean+SD) of
human CLC micro-aggregates cultured in human NCCM generated under normoxic (NX, 21% O,) or hypoxic
(HX, 5% 0,) conditions for 28 days. n=4 per condition. (d-f) DNA, GAG and GAG/DNA content (mean+SD) of
human CLC micro-aggregates at day 14 and 28 of culture. n=8-16 per condition. (g) GAG/DNA content
(mean+SD) of human CLC micro-aggregates cultured in canine NCCM for 7 days washed 0, 1, 2 or 3 times with
1 mL PBS. n=4. Human: human NCCM (NX and HX, pooled); Canine: canine NCCM (HX); Porcine: Porcine NCCM
(HX); a, b: significant difference between day 14 and 28 in this condition (p<0.05 and p<0.01, respectively); c,
d, e: significant difference between this condition and all other conditions at this time point (p<0.05, p<0.01,
and p<0.001, respectively); f: significantly different compared with porcine NCCM (p<0.001); g: significantly
different from the TGF-B,, human, canine and porcine NCCM condition at day 14 and the TGF-B, condition at
day 28; h: p<0.05.
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Figure 5. NC-conditioned medium (NCCM) derived from human, canine and porcine donors induces GAG
deposition in human chondrocyte-like cells (CLCs) derived from degenerated intervertebral discs (IVDs).
Safranin O/Fast Green staining of human CLCs derived from degenerated IVDs cultured in micro-aggregates in
basal culture medium (control), chondrogenic culture medium (with 10 ng/mL TGF-B;) and NC-conditioned
medium (NCCM) of different species for 28 days. Red staining indicates GAG-rich matrix deposition. NX:
Human NCCM generated under normoxic conditions (21% O,); HX: Human NCCM generated under hypoxic
conditions (5% O,). Canine and porcine NCCM was generated under hypoxic conditions.

Safranin O/Fast Green staining indicated that GAGs were present in all NCCM-treated micro-
aggregates (Figure 5). A fibrotic rim that did not stain positive for GAGs was visible around
the micro-aggregates treated with TGF-B;, canine and porcine NCCM, but was less
prominent in human NCCM (Figure 5). In line with these results, COL1IA1 gene expression
was significantly increased in these conditions compared with human NCCM and controls
(p<0.001; Figure 6a). Moreover, collagen type | protein was abundantly present in TGF-B;-
treated micro-aggregates, and in lower amounts in canine and porcine NCCM-treated micro-
aggregates (Figure 6b). The HYP assay was not sensitive enough to determine the collagen
content of the micro-aggregates.

Although the micro-aggregates that were cultured in NCCM of all species demonstrated an
increased GAG content (Figure 4e), ACAN and COL2A1 gene expression was not upregulated
in these conditions compared with controls at day 7 (Figure 6a). While COL2A1 gene
expression was significantly increased in the TGF-B;-treated micro-aggregates (p<0.001;
Figure 6a), only human NCCM-treated micro-aggregates contained some collagen type Il
protein (Figure 6b). Furthermore, no significant differences were encountered for gene
expression of CCND1 (proliferation marker), ADAMTS5 (extracellular matrix degradation),
CASP3 (apoptosis marker), BCL-2 (anti-apoptosis marker) and BAX (apoptosis marker) (data
not shown). MMP13 (extracellular matrix degradation) gene expression was significantly
upregulated in the TGF-B;-, porcine-, and human NCCM-treated micro-aggregates compared
with controls (p<0.05), whereas collagen type 10 (COL10A1, marker of hypertrophy) gene
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expression was only detected in the TGF-B;-treated micro-aggregates (data not shown). In
contrast, collagen type X protein was not detected in the micro-aggregates treated with
TGF-B; or NCCM regardless of the donor species (Figure 6b).
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Figure 6. Both canine and porcine NC-conditioned medium (NCCM) induces collagen type | production,
whereas only human NCCM induces collagen type Il production in human chondrocyte-like cells (CLCs)
derived from degenerated intervertebral discs (IVDs). Extracellular matrix production of human CLCs derived
from degenerated IVDs cultured in micro-aggregates in basal culture medium (control), chondrogenic culture
medium (with 10 ng/mL TGF-B;) and NCCM of different species. (a) Relative ACAN, COL2A1 and COL1A1 gene
expression (mean+SD) of the micro-aggregates at day 7. The control micro-aggregates were set at 1. n=6 per
condition. a: p<0.05; b: p<0.01; c: p<0.001. (b) Immunohistochemical staining for collagen type I, Il and X at day
28. Human: human NCCM (NX and HX samples pooled); Canine: canine NCCM (HX); Porcine: Porcine NCCM
(HX).

47




Chapter 2

The GAG/DNA content of the micro-aggregates that were cultured in canine and porcine
NCCM was significantly higher than those cultured in human NCCM (p<0.001; Figure 7a).
When the GAG/DNA content of the micro-aggregates was corrected for the DNA content (an
indirect measure for cell number) of the NP tissue from which the NCCM was generated,
porcine NCCM was more, and canine NCCM was less potent in increasing GAG deposition
(p<0.01, Figure 7b). Also when the GAG/DNA content of the micro-aggregates was corrected
for the protein and GAG concentration of species-specific NCCM, porcine NCCM was
significantly more potent than human and canine NCCM (p<0.01, Figure 7c and 7d).
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Figure 7. The regenerative effect of porcine NC-conditioned medium (NCCM) is more potent than that of
canine and human NCCM when corrected for nucleus pulposus (NP) or NCCM characteristics. GAG/DNA
content of micro-aggregates derived from human CLCs derived from degenerated IVDs cultured in micro-
aggregates in NCCM of different species for 28 days. (a) GAG/DNA content (mean+SD) of micro-aggregates
cultured in species-specific NCCM. (b) Corrected for the DNA content of the NP tissue from which the NCCM
was generated. (c) Corrected for the donors NCCM protein concentration. (d) Corrected for the donors NCCM
GAG concentration. n=8 per condition. a: p<0.05; b: p<0.01; c: p<0.001; Human: human NCCM (NX and HX
samples pooled); Canine: canine NCCM (HX); Porcine: Porcine NCCM (HX).
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Discussion

Differential deposition of extracellular matrix by species-specific NCCM

Canine and porcine NC-secreted factors have already shown promising potential for IVD
regeneration™ 2% % 2% The impact of human NC-secreted factors and the differential effects
of xenogeneic NCCM on human CLCs, however, have never been investigated. The present
study was, to our knowledge, the first to test the regenerative potential of human NCCM.
Furthermore, this study sought to identify whether NC-secreted factors of different species
exerted a differential regenerative effect on human CLCs derived from degenerated IVDs.
This study demonstrates a cross-species effect of bioactive NC-secreted factors on human
CLCs derived from degenerated IVDs. NCCM of all species, generated under identical
conditions on the basis of wet NP weight, increased CLC cell numbers and GAG deposition,
but canine and porcine NCCM appeared more potent than human NCCM.

Although the IVD is an avascular hypoxic structure and several studies have demonstrated
that NCs respond superior to hypoxic than normoxic culture conditions®” 8, no difference in
regenerative potential was found between human NCCM generated under HX or NX
conditions. Unpublished work by our group indicates that also no difference in biologic
activity was established between canine NCCM that was generated under NX or HX
conditions. In agreement with our studies, previous work demonstrating the regenerative
potential of porcine and canine NC-secreted factors have used NCCM generated under HX*"
2 and NX™ 2% 242639 onditions. Altogether, this may imply that oxygen status during NCCM
generation does not result in a differential biologic activity of NC-secreted factors on human
CLCs.

Matrix deposition by the degenerated CLCs could have been transcriptionally induced, but
we cannot exclude the possibility that GAGs from the NCCM were incorporated in the
deposited CLC matrix. Although increased GAG deposition was encountered in all NCCM-
treated micro-aggregates and, albeit limited, collagen type Il deposition was present in the
human NCCM-treated micro-aggregates at day 28, gene expression of ACAN and COL2A1
was not upregulated at day 7. In line with our findings, expression of extracellular matrix-
related genes is also not increased in porcine NCCM-treated cultures at day 2 (porcine
CLCs)*, 7 (human CLCs)*® and 28 (bovine CLCs). In contrast, an increased expression of
extracellular matrix-related genes is encountered in canine NCCM-treated bovine CLCs after
1 day26 and canine CLCs after 28 days of treatment’®. Human MSCs treated with porcine
NCCM also demonstrate an increased expression of extracellular matrix-related genes at
day 21%. In the above mentioned studies, different cell types (CLC or MSC) and different
species for cell culture/NCCM generation were used. Also, NCCM was generated in different
ways (culture medium, additives, days of generation, whole NP tissue or only NCs), and the
cells were cultured using different systems and/or conditions, which hampers the
comparison of results. Altogether, NCCM achieves regenerative effects by transcriptional
regulation of anabolic matrix genes and we may have missed this time-window at 7 days of
NCCM culture.

TGF-B; treatment induced undesirable fibrotic (re)differentiation of the CLCs, confirmed by

a fibrotic rim around the micro-aggregates and increased collagen type | deposition, while
even after 28 days of culture there was no evident collagen type Il deposition. NCCM
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exerted a species-specific anabolic effect on human CLCs derived from degenerated IVDs.
While porcine and canine NCCM were more potent in inducing GAG and collagen type |
matrix deposition, only human NCCM induced collagen type Il deposition. These differences
imply that not only quantitative but also qualitative differences in bioactive factors may be
present in human compared with canine or porcine NCCM. Also, the bioactive substances in
NCCM may be present in a suboptimal concentration. Therefore, future work should aim at
the identification of GAG and collagen type Il inducing factors in human, canine and porcine
NCCM. Combinatory strategies with an optimal balance between bioactive NC-secreted
factors may induce optimal NP matrix production. Moreover, the identified species-specific
NC-secreted factors may also improve articular cartilage repair, in which GAG and collagen
type Il production is desirable.

Species-specific NP properties may influence the observed regenerative capacity of NCCM

In this study, phenotypical and biochemical differences between species of NP tissue and
NCCM were established, which may account for the observed differential regenerative
potency of species-specific NCCM. Numerous typical large, vacuolated NCs were
encountered in all canine and porcine NPs'”** ! but in very limited numbers in human NPs.
Humans lose their NCs at about 6-10 years of age”, but in the present study, NCs were only
scarcely present in foetal NPs. Only few cells with mainly a transitional or CLC phenotype
were present in foetal human NP tissue, indicating that the NCs gradually obtained a mature
phenotype“. Previous studies also reported mixed NC:CLC populations in foetal human
NPs**. specific conditions (e.g. hyperglycaemia) have been shown to cause premature NC
apoptosis45. In the present study, human NC-rich NPs were obtained from non-viable
individuals with specific disorders and/or anomalies, which may have influenced the health
of the NP tissue and the presence of NCs within these NPs together with the gestation age
of the donors. Inherently, the limited presence of NCs may have affected the regenerative
potential of human NCCM in this study.

Overall, canine and porcine NCCM were equally potent and more potent than human NCCM
in inducing CLC matrix production. However, when taking into account the cellularity (DNA
content) of the NP tissue from which the NCCM was generated or the NCCM protein or
NCCM GAG concentration, porcine NCCM appeared more potent than canine NCCM. The
latter may have been influenced by the differences in lifespan and age (canine: 18-23
months, porcine: 3 months) of the donor species, which may translate into a differential
regenerative effect related to NC-physiology. Hence, porcine NCCM may have exerted a
relatively more potent regenerative effect than canine NCCM because of the young age of
the porcine donors. Since all species have a different life span and lose their NCs at different
ages, it would have been a challenge to find ‘comparable’ interspecies donors. Thus, it is
impossible to distinguish species from aging effects of the NCCM. The ageing effect could be
circumvented by employing healthy prenatal tissues at a species-specific developmental
stage immediately after the development of the IVD. Nevertheless, from a practical point of
view, canine and porcine NC-rich NP tissue is more easily available than human NC-rich NP
tissue and both exerted a significant regenerative effect on human CLCs. Therefore, canine
and in particular porcine donors are suitable for the development of NC-based technologies,
in which the NC-secreted bioactive factors can be identified, isolated and eventually
synthesized in a human recombinant form.

50



Species-specific effect of NCCM

Limitations of the study

The first limitation of this study is that passage 2 (P2) CLCs were used. Cell expansion for one
or more passages likely induced dedifferentiation of the CLCs, a well-known phenomenon
for articular chondrocytes*® *. Since dedifferentiated CLCs could respond differently than
freshly isolated CLCs (PO), future studies should determine the effect of (species-specific)
NCCM on PO CLCs and explants. In order to overcome the sample volume limitations of the
human NCCM (about 1 mL human NCCM was generated per donor), CLCs derived from IVDs
with Thompson grade Il from three human donors were pooled in order to assess a
representative degenerated CLC population. For this reason, the regenerative effect of
species-specific NCCM was also not tested on CLCs derived from human IVDs with other
degeneration grades or on CLCs derived from other species. Furthermore, the human CLC
micro-aggregates were cultured under normoxic conditions. CLCs may respond more
pronounced to the bioactive NC-secreted factors under hypoxic than normoxic conditions
given the hypoxic nature of the NP*® *°. Therefore, further research under hypoxic
conditions is necessary to confirm the obtained results with CLCs from several donors with
different IVD degeneration grades. Lastly, it remains to be elucidated if other (symptom
modifying) markers were affected by NCCM treatment than the ones measured in the
present study, e.g. anti-inflammatory/neurogenic/ angiogenic markers>’.

Clinical relevance

The present study showed that human, canine, and porcine NC-secreted factors exerted
regenerative effects on human CLCs isolated from degenerated IVDs. Future studies should
concentrate on how NCs communicate with CLCs and which (species-specific) NC-secreted
factors induce the regenerative effects. Once the bioactive NC-secreted factors have been
identified and isolated, synthetic human recombinant products can be developed and their
safety and efficacy can be determined. Since canine and porcine NC-secreted factors have a
considerable regenerative potential and NC-rich NP tissue from these species is more easily
available than human NC-rich NP tissue, canine or porcine NC-based regenerative
treatments with synthetic human recombinant products have a promising potential for
successful translation into humans.

Conclusions

This study demonstrated a cross-species effect of human, canine, and porcine NC-secreted
factors. NCCM derived from all these species exerted regenerative effects on human CLCs
derived from degenerated IVDs in terms of GAG deposition and cell numbers. No difference
in regenerative potential was found between human NCCM generated under hypoxic or
normoxic conditions. The qualitative and quantitative differences in species-specific NP
tissue and NCCM resulted into a differential regenerative effect on human CLCs. Given that
canine and porcine NC-rich NP tissue is more easily available than human NC-rich NP tissue
and that both canine and porcine NC-secreted factors exerted regenerative effects on
human CLCs, canine and in particular porcine donors are suitable to delineate the
underlying bioactive substances resulting into IVD regeneration. Once the canine/porcine
bioactive NC-secreted factors have been identified and isolated, synthetic human
recombinant products can be developed and tested in vitro and in vivo. Combinatory
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strategies with an optimal balance between species-specific bioactive NC-secreted factors
may further improve healthy NP matrix production.
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Supplementary File 1. Primers used for quantitative PCR of the micro-aggregate samples

Genes Forward sequence 5’ - 3’ Reverse sequence 5’ - 3’ grzr;pllcon ?,z;lealmg temp
Reference genes

HPRT TATTGTAATGACCAGTCAACAG GGTCCTTTTCACCAGCAAG 192 60
SDHA TGGGAACAAGAGGGCATCTG CCACCACTGCATCAAATTCATG 86 58
TBP TGCACAGGAGCCAAGAGTGAA CACATCACAGCTCCCCACCA 132 63.5
YWHAZ ACTTTTGGTACATTGTGGCTTCAA CCGCCAGGACAAACCAGTAT 94 64
Target genes

ACAN CAACTACCCGGCCATCC GATGGCTCTGTAATGGAACAC 160 63.5
ADAMTS5 GCCAGCGGATGTGCAAGC ACACTTCCCCCGGACGCAGA 130 62.5
BAX GGACGAACTGGACAGTAACATGG GCAAAGTAGAAAAGGGCGACAAC 150 60
BCL-2 ATCGCCCTGTGGATGACTGAG CAGCCAGGAGAAATCAAACAGAGG 125 64
CASP3 CAGTGGAGGCCGACTTCTTG TGGCACAAAGCGACTGGAT 102 58
CCND1 AGCTCCTGTGCTGCGAAGTGGAAAC AGTGTTCAATGAAATCGTGCGGGGT 480 65
COL1A1 TCCAACGAGATCGAGATCC AAGCCGAATTCCTGGTCT 191 61
COL2A1 AGGGCCAGGATGTCCGGCA GGGTCCCAGGTTCTCCATCT 195 63.5
COL10A1 CACTACCCAACACCAAGACA CTGGTTTCCCTACAGCTGAT 225 61
MMP13 TCCCAGGAATTGGTGATAAAGTAGA CTGGCATGACGCGAACAATA 123 64

All primers were designed in-house using Perlprimer, except for BAX 1, BCL—21, CASP32, MMP13® and CCND1*
which were obtained from the literature.
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Abstract

During intervertebral disc (IVD) maturation, notochordal cells (NCs) are replaced by
chondrocyte-like cells (CLCs) in the nucleus pulposus, suggesting that NCs play a role in
maintaining tissue health. Affirmatively, NC-conditioned medium (NCCM) exerts
regenerative effects on CLC proliferation and extracellular matrix (ECM) production. The aim
of this study was to identify NC-secreted substances that stimulate IVD regeneration. By
mass spectrometry of porcine, canine, and human NCCM, 149, 170, and 217 proteins were
identified, respectively, with 66 proteins in common. Mainly ECM-related proteins were
identified, but also organelle-derived and membrane-bound vesicle proteins. To determine
whether the effect of NCCM was mediated by soluble and/or pelletable factors, porcine and
canine NCCM were separated in a soluble (NCCM-S; peptides and proteins) and pelletable
(NCCM-P; protein aggregates and extracellular vesicles) fraction by ultracentrifugation, and
tested on bovine and canine CLCs in vitro, respectively. In each model, NCCM-S exerted a
more pronounced anabolic effect than NCCM-P. However, glycosaminoglycan (GAG) uptake
from the medium into the carrier gel prevented more definite conclusions. While the effect
of porcine NCCM-P on bovine CLCs was negligible, canine NCCM-P appeared to enhance
GAG and collagen type Il deposition by canine CLCs. In conclusion, porcine and canine NCCM
exerted their anabolic effects mainly through soluble factors, but also the pelletable NCCM
factors showed moderate regenerative potential. Although the regenerative potential of
NCCM-P should not be overlooked, future studies should focus on unraveling the protein-
based regenerative mechanism from NCCM produced from isolated NCs, e.g. by NCCM
fractionation and pathway blocking studies.
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Introduction

Low back pain in humans is associated with intervertebral disc (IVD) degeneration“. The
IVD consists of a hydrated nucleus pulposus (NP), mainly composed of proteoglycan (PG)
and collagen type II, circumferentially confined by the annulus fibrosus (AF) in which
collagen type | is most prominent. The PG’s negative charges attract water into the NP, but
its swelling is restricted by the AF. This gives rise to high osmotic pressure, crucial for
sustaining compressive loads in the healthy IVD. IVD degeneration is a complex,
multifactorial process and is characterized by replacement of proteoglycans and collagen
type Il by a fibrous and dysfunctional tissue high in collagen type I. Current treatment
methods aim to alleviate pain without addressing the underlying mechanism of IVD
degeneration. Therefore, cell- or growth factor-based regenerative strategies have gained
increased attention®®. Although several regenerative strategies, e.g. allogeneic
mesenchymal precursor cell (https://clinicaltrials.gov/ct2/show/NCT01290367)/autologous
disc chondrocyte (NCT01640457) transplantation or growth factor application
(NCT00813813) have entered the clinical trial phase, no effective regenerative therapy for
IVD degeneration is yet clinically available.

In the field of IVD regeneration, notochordal cells (NCs) have gained increasing interest
because of their potential regenerative and protective properties’. NCs are large,
vacuolated cells and are only present in the NP of fetal and young human individuals. They
disappear at approximately 10 years of age, leaving the chondrocyte-like cells (CLCs) as the
primary cell type in the NP. This process precedes the onset of IVD degeneration, suggesting
that NCs play a role in maintaining tissue health. The regenerative effect of NC-secreted
factors present in NC-conditioned medium (NCCM) was demonstrated previously on CLCs®°®
and MSCs'®*?, with clear cross-species activity’>. Furthermore, porcine NCCM exerted a
regenerative effect on bovine NP explants“, suggesting that NCCM can also stimulate cells
in their native tissue.

The use of NCCM itself, however, is not a clinical option; only small volumes can be injected
in the IVD, which is likely insufficient to induce a long-term regenerative response.
Therefore, identification and subsequent synthetic production of the biologically active
factors in NCCM is more appealing. Up to date, only few studies reported on the potential
biologically active NCCM factors. Connective tissue growth factor (CTGF) was found in
canine™ and porcine® NCCM and alpha-2-macroglobulin, clusterin and tenascin were
detected in porcine NCCM™M.

Initial identification of NCCM’s active factors has focused on proteomics, but extracellular
vesicles (EVs) have not been considered yet. EVs are a heterogeneous group of small,
membrane-enclosed particles (Y40 nm to ~5 um), actively released by cells from various
tissue types'” 8. EVs play an active role in intercellular signalling, since they can express
receptor ligands or can be vehicles of signalling molecules. Previous studies indicated that
EVs influence various processes, such as pathogenesis of diseases™ and tissue
regeneration’. As such, it was hypothesized that EVs can also be secreted by NCs and may
be involved in maintaining healthy NP tissue. The aim of the current study was to identify
whether soluble (peptides and proteins) or pelletable (protein aggregates and EVs) factors
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are responsible for the anabolic effects of NCCM on CLCs. We hypothesized that both the
soluble and pelletable factors contribute to the anabolic effects of NCCM.

Material and Methods

Sources of NC-rich NP tissue and generation of NCCM

Thompson grade | IVDs were collected from 5 porcine, 16 canine, and 3 human donors.
Porcine spines (3 months of age, C1-S1) were collected from the local abattoir. Canine
spines (16-38 months of age, C1-S1) were collected from mixed breed non-
chondrodystrophic (NCD) dogs euthanized in unrelated research studies, approved by the
Utrecht University Animal Ethics Committee. IVDs from human donors (L2-L5) between 20
weeks of gestation and 2 days of age (postnatal) were obtained during standard
postmortem diagnostic procedures, approved by the scientific committee of the Pathology
department of the University Medical Centre Utrecht. Anonymous use of redundant tissue
for research purposes is a standard treatment agreement with patients in the University
Medical Centre Utrecht (Local Medical Ethical Committee (METC) number 12-364). The
material was used in line with the code ‘Proper Secondary Use of Human Tissue’ installed by
the Federation of Biomedical Scientific Societies.

Generation of NCCM

Conditioned medium from porcine (n=5), canine (n=8), and human (n=3) NC-rich NP tissue
(NCCM+) was generated by culturing NP tissue for 4 days (1 gram tissue/30 mL) in
hgDMEM+Glutamax (31966, Invitrogen) with 1% P/S (P11-010, GE Healthcare Life Sciences)
at 37 °C, 5% CO, and 5% 0213. After 4 days, NP tissue was removed and NC-conditioned
medium was filtered through 70 um cell strainers. The filtrate was sequentially centrifuged
at 200g and 500g (two times ten minutes, 4°C) to remove (dead) cells and debris.
Thereafter, the supernatant (cell-free conditioned medium) was concentrated using a 3 kDa
Amicon Ultra-15 Centrifugal filter tube (Merck Millipore) at 4000g (45 minutes, 4°C). All
substances with a molecular weight >3 kDa were resuspended in fresh hgDMEM+Glutamax
and stored in aliquots at -70°C until use. To determine whether the porcine and canine
NCCM+ effects were NC-specific, negative control conditioned media (NCCM-) were
generated by re-culturing the NP tissue in the presence of 5% fetal bovine serum (FBS, Gibco
16000-044, Life Technologies); the latter results in loss of vacuolated-NC morphology®. NP
tissue was cultured for 18 days with medium changes twice a week, until no more vacuoles
were observed. Subsequently, the NP tissue was washed twice to remove FBS components,
and cultured for 4 days in hgDMEM+Glutamax with 1% P/S to generate NCCM-. NCCM- was
centrifuged, filtered and stored similar to NCCM+.

Proteomic analysis of porcine, canine, and human NCCM

NCCM+ from 5 porcine, 5 canine, and 3 human donors were deglycosylated overnight at
37°C with 20 U PGNaseF (V4831, Promega). Protein digestion was performed with filter
aided sample preparation (FASP)22 with a buffer containing 8 M urea in 1 mM Tris-HCl at pH
8.0 and pH 8.5; using filters with cutoff of 10 kD (MRCPRT010, YM-10, Microcon). Proteins
were reduced with 10 mM DTT (43815, Sigma-Aldrich) alkylated with 200 mM iodo
acetamid (1625-5G, Sigma-Aldrich) and digested first for four hours with 2 mg/ml LysC (Lysyl
Endopeptidase, 129-02541,Wako) in a ratio of 1:50 and overnight with 0.1 pg/uL trypsin
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(V5280, Promega) in a ratio of 1:50. The digested samples were desalted using Oasis HLB 96
well pelution plate (186001828BA, Waters). Finally, samples were dried and reconstituted in
40 pL of 10% formic acid/5% DMSO.

Reversed phase nLC-MSMS analysis was performed using a Proxeon EASY-nLC 1000 (Thermo
Scientific)”. Mass spectra were acquired using Q-Exactive Plus mass spectrometer (Thermo
Scientific)®* at a resolution of 35,000 with a scan range from 375 to 1600 m/z. Dynamic
exclusion was set at 10 seconds. Raw data files were analysed using Proteome Discoverer
(version 1.4.1.14, Thermo Scientific)®*. Data were searched against the SwissProt version
2014-12 for Sus scrofa, Canis familiaris or Homo sapiens.

Protein profile analysis was performed with R 3.2.2%, using preprocessCore®®, biomaRt?’,
and VennDiagram28 packages. For each species, the obtained peptide spectrum match
(PSM) values were filtered for each protein on missing or low values. For canine and
porcine, the sum of the PSM values for any protein was set at > 5 for at least 4 out of 5
samples and for human, the sum was set at > 4 for at least 2 out of 3 samples. The PSM
values of filtered proteins were log transformed and quantile normalized. Each sample was
plotted against the species mean to assess data distribution (Figure 1). To compare the
profiles of the different species, filtered proteins were given a HGNC gene name using the
Uniprot, Ensembl, and HGNC databases and annotation results were manually curated. Per
species, gene name lists were compared using a venn diagram and the different overlapping
sets were analyzed using toppgene (ToppFun) analysis®®. Enriched GO Cellular Component
terms were remapped to common ancestors within the GO Cellular Component term using
GO.db version 3.2.2%.

Separation of the soluble and pelletable NCCM fraction

To unravel whether the biologically active factors in NCCM+ were present in the soluble
(NCCM-S) or pelletable (NCCM-P) fraction, ultracentrifugation was performed”. 37 mL
porcine and canine NCCM was ultracentrifuged at 10,000g (30 minutes, 8,700 rpm; RCF
average 10,016g; RCF max 13,648g; k-factor 2543.1) and 100,000 g (65 minutes, 23,000
rom; RCF average 70,002g; RCF max 95,389g; k-factor 363.9) at 4 °C (Beckman Coulter
Optima L-90K ultracentrifuge, SW28 rotor). After 100,000g ultracentrifugation, the
supernatant containing soluble factors (NCCM-S) was aliquoted and stored at -70°C until
use. The 100,000g pellet, containing EVs and protein aggregates, was suspended in 246 uL
PBS supplemented with 0.2% EV-free bovine serum albumin (BSA, A9418, Sigma-Aldrich)
(6.7 uL PBS/0.2% BSA per mL NCCM) and stored at -70°C until use. The PBS/0.2% BSA was
depleted from EVs by ultracentrifugation O/N at 100,000g. Directly prior to use for culture,
aliquots of the pelletable factors (dissolved in PBS/0.2% BSA) were thawed rapidly for
maximal functional preservation®®. Thereafter, in order to yield NCCM-P, 6.7 uL of the
100,000g pellet was added to 1 mL basal culture medium (hgDMEM+Glutamax with 1% P/S,
1% ITS+ premix (354352, Corning Life Sciences), 0.04 mg/mL L-proline (P5607, Sigma-
Aldrich), 0.1 mM ascorbic acid 2-phosphate, and 1.25 mg/mL BSA. The EV content of NCCM-
P was hereby similar to NCCM+.

Biochemical analysis of NCCM and its fractions

The protein concentration of NCCM+, NCCM-, NCCM-S, and NCCM-P (porcine n=4, canine
n=8) was assessed using the Qubit” Protein Assay Kit (Q33211, Invitrogen) according to the
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manufacturer’s instructions. In addition, a dimethyl methylene blue (DMMB) assay31 was
performed to determine the glycosaminoglycan (GAG) concentration.

In vitro culture of bovine and canine CLCs in pelletable and soluble fractions of NCCM

Bovine CLCs (n=4 repeats, CLCs from 2 donors pooled per repeat, 2-2.5 years of age,
Thompson grade 1l) were harvested from caudal IVDs obtained from the local abattoir, and
chondrodystrophic (CD) canine CLCs (n=4, 3-10 years of age, Thompson grade Ill) were
harvested from IVDs of dogs euthanized in unrelated research studies, approved by the
Utrecht University Animal Ethics Committee. NPs were enzymatically digested with 0.1%
pronase (10165921001, Roche Diagnostics) for 90 minutes and subsequently with 0.025%
collagenase type Il (LS004177, Worthington) for 16 hours at 37°C.

Bovine CLCs were suspended in 1.2% alginate (180947, Sigma-Aldrich) beads of
approximately 20 pL at 3*10° cells/mL32. Empty (no cell-containing) and CLC-containing
beads were cultured for 28 days at 37°C, 5% CO, and 5% O; in basal medium or in porcine
NCCM+, NCCM-, NCCM-S or NCCM-P (four different porcine NCCM donors), each with the
same supplements as basal culture medium.

Given that canine CLCs did not thrive in alginate beads®, an albumin-based hydrogel was
used>’. Canine CLCs from four donors were pooled to assess the effect of donor-specific
NCCM on a representative canine CLC population. Passage 2 CLCs were incorporated in 40
pL hydrogels composed of chemically activated albumin cross-linked by polyethylene glycol
spacers35 (3*106 cells/mL hydrogel). The albumin- and hyaluronic acid-containing hydrogels
were cultured for 28 days at 37°C, 5% CO, and 5% O, in basal culture medium with/without
10 ng/mL TGF-B; (240-B, R&D Systems), or in canine NCCM+, NCCM-, NCCM-S, or NCCM-P
(eight different canine NCCM donors), each with the same supplements as basal medium.
Unlike bovine CLCs, canine CLCs do not produce a considerable amount of GAGs if no
growth factor is supplemented to the culture medium. Therefore, a positive control (10
ng/mL TGF-B;) was used to show that the canine CLC donors were able to produce GAGs if a
proper stimulus was provided, e.g. in case these donors would not respond to NCCM. Since
the hydrogel bound GAGs present in NCCM, empty hydrogels were cultured along for each
NCCM-/NCCM+/NCCM-S/NCCM-P donor to be able to correct for this.

Gene expression profiling (RT-qPCR; canine n=8) was performed at day 4, the DNA content
(dsDNA High Sensitivity Assay Kit, Q32851, Invitrogen) and GAG content (DMMB assay;
porcine NCCM-treated bovine CLCs n=4 and canine NCCM-treated canine CLCs n=8 in duplo)
were determined at day 0 and 28, and Safranin O/Fast Green staining and collagen type |
and Il immunohistochemistry (porcine NCCM-treated bovine CLCs n=3-4 and canine NCCM-
treated canine CLCs n=4-8) were performed at day 28". For gene expression profiling, four
reference genes (GAPDH, HPRT, RPS19 and SDHA) were chosen to normalize gene
expression of the target genes ACAN, ADAMTS5, BAX, BCL-2, CASP3, COL1A1, COL2A1,
COL10A1, CCND1, FOXF1, KRT8, KRT18, KRT19, MMP13, T, and VEGF. Primer sequences are
depicted in Supplementary File 1. The DMMB assay was done with the following
modifications: papain and DMMB solution pH was adjusted to 6.8 and guanidinium chloride
was used to mask hyaluronic acid.
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Testing fresh versus frozen pelletable NCCM factors in vitro

To determine whether freezing the pelletable factors affected their biological effect, micro-
aggregates of 35,000 CD canine CLCs were generated”’. CLCs have more easy access to the
pelletable factors in this culture model compared with hydrogels. The micro-aggregates
were cultured in low-adherence 96-well plates (650970, CELLSTAR® Greiner Bio-one) at
37°C, 5% CO, and 5% O, for 7 days and were treated with basal culture medium (control),
freshly generated, non-frozen NCCM-P (P1x fresh; kept at 4°C for maximum 4 days) or
canine NCCM-P that was frozen at -70°C for maximum 4 days (P1x frozen). To determine
whether a higher concentration pelletable factors would exert a more pronounced effect,
fresh and frozen pelletable factors were also applied in a 10 times higher concentration than
present in NCCM+ (NCCM-P10x fresh and NCCM-P10x frozen, respectively). The same CD
canine CLC donors as used in the hydrogel experiment and 4 different NCD canine NCCM
donors were used for this part of the study. Gene expression profiling (RT-qPCR; n=8) was
performed at day 4 and the DNA and GAG content of the micro-aggregates (n=8) was
determined at day 7 as described above.

Statistical analysis

Statistical analyses were performed using IBM SPSS statistics 22. Data were examined for
normal distribution using a Shapiro Wilks test. Kruskal Wallis and Mann-Whitney U test
were performed on non-normally distributed data and one-way ANOVA on normally
distributed data. Benjamini & Hochberg False Discovery Rate post-hoc tests were performed
to correct for multiple comparisons. In all tests, a p-value < 0.05 was considered significant.

Results

Proteomic analysis of porcine, canine, and human NCCM+

NCCM+ from 5 porcine, 5 canine, and 3 human donors was subjected to mass spectrometry
and bioinformatic analysis. Log2-values of the number of PSMs plotted against the log2-
values of the mean PSM number for each protein showed a wider distribution for canine
NCCM, indicating a higher inter-donor variability than porcine and human NCCM (Figure 1).
Raw pre-filtered protein profiles for porcine, canine and human NCCM contained
respectively 737, 847, and 779 Uniprotids of which 153, 178, and 217 were left after
filtering. These were annotated to 149, 170, and 217 different HGNC gene names for
porcine, canine, and human, respectively, and were used for profile comparisons (Table 1).
The three species had 66 of these proteins in common. A large fraction of the proteins was
derived from organelles (22%, Figure 1) and macromolecular protein complexes (24%).
Furthermore, a considerable amount of extracellular matrix (ECM) (16%) and membrane-
bound vesicle proteins (10%) was found in NCCM from all species.

Pathway analysis (Reactome, V55) of all common proteins revealed various processes
involved in ECM and its structure (Table 2). The GAG-, collagen-, hyaluronic acid- and
integrin-binding pathways were significantly covered, as well as the structural molecule
activity and protein complex binding pathways. Other detected pathways contained growth
factor- and enzyme-binding proteins.
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Due to the presence of specific collagens (e.g. type lll, V and XV) in porcine and human, but
not in canine NCCM, pathways involved in the assembly of collagen fibrils, biosynthesis and
formation were significantly covered by proteins present in human and porcine NCCM
(Table 3). Also, proteins from platelet-involved pathways were found in these two species
(Table 3). Analysis of proteins common in human and canine NCCM demonstrated pathways
related to glucose metabolism (Table 4). Furthermore, due to the presence of decorin and
biglycan, dermatan sulfate and chondroitin sulfate biosynthesis pathways were significantly
covered in human and canine NCCM (Table 4). Both canine and porcine NCCM (Table 5)
contained proteins involving tubulin-related pathways. Furthermore, several pathways with
proteins present in only human, porcine, or canine NCCM were detected (Tables 6-8). In
porcine (Table 6) and human NCCM (Table 8), proteins related to complement binding
pathways were detected. Lastly, proteins from axon guidance-related pathways were
present in NCCM from all species (Table 3 and 7).

A significant number of proteins involved with transcription factor (e.g. Activator protein 1
(AP-1) and paired box gene 4 (PAX4)) binding sites were found in NCCM from all species
(Table 9). Furthermore, proteins (predicted to be) targeted by miRNA29 were found in
human and porcine NCCM (Table 10).
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Figure 1. Proteomic analysis of porcine, canine, and human notochordal cell (NC)-conditioned medium
(NCCM). (a) NCCM was generated from NC-rich nucleus pulposus (NP) tissue of porcine (n=5), canine (n=5),
and human (n=3) donors. (b) Log2 values of the number of peptide spectrum matches (PSM) plotted against
the average number of PSMs for each protein show a higher inter-donor variability for canine NCCM than for
porcine and human NCCM. (c) The number of proteins discovered in porcine, canine, and human NCCM, and
their combinations. (d) Cell and/or matrix origins of the 66 proteins in common to all three species NCCM.
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In vitro culture of bovine CLCs in porcine NCCM

Porcine NCCM and its fractions were analysed for their protein and GAG concentration
(Figure 2a). NCCM-S contained a similar protein concentration as NCCM+, whereas the
protein concentration of NCCM-P was significantly lower than that of NCCM+, NCCM-S and
NCCM- (p<0.05). The NCCM- protein concentration was significantly lower than that of
NCCM+ (p<0.05). Also the GAG concentration of NCCM+ and NCCM-S was comparable, and
both were significantly higher than that of NCCM-P and NCCM- (p<0.05). Although few GAGs
were present in NCCM-, its GAG concentration was still significantly higher than that of
NCCM-P (p<0.05).

After 28 days, bovine CLC-containing alginate beads cultured in porcine NCCM (fractions)
were analysed for DNA and GAG content and histology and compared with controls. Empty
alginate beads did not bind GAGs (not shown). Although CLCs proliferated and formed
clusters in all conditions, no statistically significant differences in DNA content were found
between conditions (Figure 2b). The GAG and GAG/DNA content was, however, significantly
increased for culture in NCCM+ and NCCM-S compared to control medium (p<0.05),
whereas it was not increased for NCCM- or NCCM-P (Figure 2c and 2d). The increased GAG
content in NCCM+ and NCCM-S-treated beads was confirmed by Safranin O/Fast Green
staining (Figure 2e). Immunohistochemical staining showed no collagen type | deposition in
any condition. Collagen type I, however, was deposited in all conditions: only in the
pericellular region in the control- and NCCM-P-treated alginate beads, but more abundant
after NCCM+, NCCM-S, and NCCM- treatment.

In vitro culture of canine CLCs in canine NCCM

Canine NCCM and its fractions were analysed for their protein and GAG concentration
(Figure 3a). The protein and GAG concentration of canine NCCM+ and NCCM-S was
significantly higher than that of NCCM- and NCCM-P, whereas the protein and GAG
concentration of NCCM-P was significantly lower than that of NCCM- (p<0.001, Figure 3a).

After 4 days of culture, gene expression profiling was performed on the canine CLC-
containing hydrogels and after 28 days of culture, the hydrogels were analysed for DNA and
GAG content and histology. The DNA content and CCND1 (a marker for cell proliferation)
expression of the TGF-B;-treated hydrogels was significantly increased compared with all
other conditions (p<0.05, Figure 3b and 4f). Furthermore, NCCM+ and NCCM-S-treated
hydrogels showed a significantly increased DNA content compared with controls, and
NCCM+ treatment showed a significantly increased DNA content compared with NCCM-P
and NCCM- treatment (p<0.05, Figure 3b). CCND1 expression was significantly lower in
NCCM-P-treated CLCs than in NCCM-/NCCM+/NCCM-S-treated CLCs (p<0.05, Figure 4f).
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Figure 2. Soluble factors derived from porcine NC-conditioned medium (NCCM) exert anabolic effects on
bovine chondrocyte-like cells (CLCs) derived from caudal intervertebral discs (IVDs). Cell proliferation and
matrix production of bovine CLCs cultured in alginate beads in basal culture medium (control), NCCM from
dedifferentiated NCs (NCCM-), NCCM from healthy NCs (NCCM+), and the soluble (NCCM-S) and pelletable
(NCCM-P) fraction of NCCM+, which were separated by ultracentrifugation. (a) Protein (black) and
glycosaminoglycan (GAG, grey) concentration (mean + SD) of porcine NCCM (fractions). (b-d) DNA, GAG and
GAG/DNA content (mean + SD) of bovine CLC alginate beads at day 28. (e) Safranin O/Fast Green staining and
collagen type | and Il immunohistochemistry of bovine CLC alginate beads at day 28. a: significant difference
between this condition and all other conditions (p<0.05); b: significant difference between these conditions
(p<0.05); c: significant difference between this condition and all other conditions except for the other
condition indicated with ‘c’ (p<0.05); n=4.
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Figure 3. Both soluble and pelletable factors derived from canine NC-conditioned medium (NCCM) exert
anabolic effects on canine chondrocyte-like cells (CLCs) derived from degenerated intervertebral discs
(IVDs). Cell proliferation and matrix production of canine CLCs cultured in hydrogels in basal culture medium
(control), basal culture medium supplemented with 10 ng/mL TGF-B;, NCCM from dedifferentiated NCs
(NCCM-), NCCM from healthy NCs (NCCM+), and the soluble (NCCM-S) and pelletable (NCCM-P) fraction of
NCCM+, which were separated by ultracentrifugation. (a) Protein (black) and glycosaminoglycan (GAG, grey)
concentration (mean + SD) of canine NCCM (fractions). (b-d) DNA, GAG, and GAG/DNA content (mean + SD) of
canine CLC hydrogels at day 28. The grey colour in the black bars indicates the level of GAGs present in cell-
free NCCM-treated hydrogels for these conditions. (e) Safranin O/Fast Green staining and collagen type | and Il
immunohistochemistry of canine CLC hydrogels at day 28. Significant differences are indicated for non-
corrected data (not corrected for empty gels). a: significant difference between this condition and all other
conditions (p<0.001); b: significant difference between this condition and all other conditions except for the
other condition indicated with ‘b’ (p<0.001); c, d, e: significant difference between these conditions with
p<0.001, p<0.01, and p<0.05, respectively; f and g: significant difference between this condition and all other
conditions with p<0.01 and p<0.05, respectively; n=8 for DNA and GAG content and n=4-8 for histology.
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Using the DMMB assay, empty (no cell-containing) hydrogels were found to incorporate a
large amount of NCCM-derived GAGs, indicated by the grey bars in Figure 3c. The GAG
content of the control hydrogels was significantly lower than that of all other conditions
(p<0.001, Figure 3c). TGF-B1, NCCM+ and NCCM-S treatment induced the highest total GAG
content of the CLC-containing hydrogels: significantly higher than after NCCM- and NCCM-P
treatment (p<0.001, Figure 3c). The GAG content of the NCCM-P-treated hydrogels was
significantly lower than that of the hydrogels treated with NCCM- (p<0.01, Figure3c). The
total GAG/DNA content of NCCM+ and NCCM-S-treated hydrogels was the highest, followed
by hydrogels treated with TGF-B;, NCCM-, NCCM-P and basal culture medium, respectively
(p<0.05, Figure 3d). Safranin O/Fast Green staining indicated that most GAGs were
deposited in the TGF-B;-treated hydrogels, followed by NCCM+ and NCCM-S-treated
hydrogels (Figure 3e). Collagen type | deposition was only induced by TGF-B; treatment, not
by NCCM fractions (Figure 3e). Collagen type Il was mostly deposited in NCCM+, NCCM-S,
and TGF-B;-treated hydrogels, but also some collagen type Il was present in NCCM-P-
treated hydrogels (Figure 3e). Affirmatively, at gene expression level, TGF-B; treatment
significantly induced ACAN, COL1A1 and COL2A1 mRNA compared with all other conditions
(p<0.05, Figure 4a-c). In contrast, NCCM (fractions) did not influence COL2A1 expression
compared with controls (Figure 4a-c). NCCM-P inhibited ACAN expression and NCCM- and
NCCM+ induced COL1A1 expression compared with controls (p<0.05, Figure 4a-c). COL10A1
expression was not detected in any condition (data not shown).

Furthermore, TGF-B; treatment significantly reduced ADAMTS5 expression compared with
all other conditions, whereas NCCM- significantly induced ADAMTS5 expression compared
with controls and NCCM-P (p<0.05 Figure 4d). NCCM+ induced even more ADAMTS5
expression than NCCM- and NCCM-S increased ADAMTS5 expression compared with NCCM-
P (p<0.05, Figure 4d). MMP13 expression was significantly decreased by TGF-B; treatment
compared with controls, whereas NCCM-S reduced MMP13 expression compared with
controls, NCCM+ and NCCM-P (p<0.05, Figure 4e). Expression of the notochordal marker T
was not detected regardless the culture condition (data not shown), whereas expression of
notochordal marker KRT8 was significantly higher in micro-aggregates treated with NCCM+
than in micro-aggregates treated with NCCM-P, NCCM-, TGF-B; and the negative controls
(p<0.05, Figure 4g). Expression of NP marker KRT18 was significantly increased in micro-
aggregates treated with basal culture medium, NCCM+, NCCM-S, and NCCM-P compared
with TGF-B;-treated micro-aggregates (p<0.05, Figure 4h). KRT19 expression was
significantly increased by NCCM-P and NCCM-S treatment compared with controls (p<0.05,
Figure 4i). Additionally, NCCM+, NCCM-S, and NCCM-P treatment significantly increased the
expression of this NP marker compared with NCCM- and TGF-B; treatment (p<0.05,
Figuredi). In contrast, FOXF1 expression was not influenced by the culture conditions (Figure
4j). Expression of the angiogenic marker VEGF was significantly higher in micro-aggregates
treated with NCCM- than in all other conditions (p<0.05, Figure 4j). Furthermore, VEGF
expression was significantly decreased by NCCM-P treatment compared with control, TGF-;
and NCCM-S treatment (p<0.05). Apoptosis-related genes (BAX, BCL2, CASP3) were not
differentially expressed between the conditions (data not shown).
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Figure 4. Only the soluble factors present in canine NC-conditioned medium (NCCM) stimulate expression of
genes related to cell proliferation of canine chondrocyte-like cell (CLC), but none of the NCCM (fractions)
effects expression of genes related to matrix production. Target gene expression levels of canine CLCs
cultured in hydrogels in basal culture medium (control), basal culture medium supplemented with 10 ng/mL
TGF-B1, NCCM from dedifferentiated NCs (NCCM-), NCCM from healthy NCs (NCCM+), and the soluble (NCCM-
S) and pelletable (NCCM-P) fraction of NCCM+, which were separated by ultracentrifugation. (a-k) Relative
ACAN, COL1A1, COL2A1, ADAMTS5, MMP13, CCND1, KRT8, KRT18, KRT19, FOXF1, and VEGF gene expression
(mean + SD) of the hydrogels at day 4. The control hydrogels were set at 1. a: significant difference between
this condition and all other conditions (p<0.05); b: significant difference between this condition and all other
conditions except control (p<0.05); c: significant difference between these conditions (p<0.05); d: significant
difference between this condition and all other conditions (p<0.01); e: significant difference between this
condition and all other conditions except NCCM-P (p<0.05); n=8.

Fresh versus frozen pelletable factors present in canine NCCM

Gene expression profiling of CD canine CLC micro-aggregates cultured in basal culture
medium (control), 1x concentrated fresh (non-frozen) and frozen NCCM-P and 10x
concentrated fresh (non-frozen) and frozen NCCM-P was performed at day 4. Due to donor
variability, high standard deviations were obtained (Figure 5a). At day 7, the DNA content of
all micro-aggregates was significantly decreased compared with day 0 (p<0.01, Fig 5b). The
GAG and GAG/DNA content of the controls was significantly lower than that of the micro-
aggregates treated with 1x and 10x concentrated NCCM-P (p<0.01, Fig 5b). Moreover, the
GAG and GAG/DNA content of the micro-aggregates treated with 10x concentrated NCCM-P
was significantly higher than that of the micro-aggregates treated with 1x concentrated
NCCM-P (p<0.01, Fig 5b), indicating a concentration-dependent effect, which could be
repeated with frozen NCCM-P. This indicates that freezing the pelletable factors for a short
period (1 hour-4 days) at -70 °C in EV-depleted PBS/0.2%BSA did not affect their biological
effect.
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Figure 5. Frozen canine pelletable NCCM factors exert comparable anabolic effects as freshly applied (non-
frozen) pelletable NCCM factors, while a ten times higher concentration of pelletable factors induces a more
pronounced effect on canine chondrocyte-like cell (CLC) matrix production. Target gene expression levels and
DNA and glycosaminoglycan (GAG) content of canine CLCs cultured in micro-aggregates in basal culture
medium (control), or 1x concentrated freshly generated, non-frozen NCCM-P (P1x fresh), 1x concentrated
NCCM-P frozen f at -70 °C (P1x frozen), 10x concentrated freshly generated, non-frozen NCCM-P (P10x fresh)
and 10x concentrated frozen NCCM-P (P10x frozen). (a) Relative ACAN, COL1A1, COL2A1, ADAMTS5, MMP13
and CCND1 gene expression (mean + SD) of the micro-aggregates at day 4. The control micro-aggregates were
set at 1. (b) DNA, GAG and GAG/DNA content (mean + SD) of the canine CLC micro-aggregates at day 7. a:
significant difference between this condition and all other conditions (p<0.05); b: significant difference
between these conditions (p<0.05); c: significant difference between this condition and all other conditions
(p<0.01); d: significant difference between this condition and all other conditions except for the other
condition indicated with ‘d’ (p<0.01); e: significant difference between this condition and all other conditions
except for the other condition indicated with ‘d’ (p<0.01); n=8.
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Discussion

NCCM exerts cross-species anabolic effects on CLCs

Porcine, canine, and human NC-secreted factors have already shown potential for IVD
regenerations’ 10,11,13, 14,16 " \vjith a clinical directive in mind, the aim of this study was to
delineate underlying bioactive NC-secreted substances (with the focus on proteins and EVs)
resulting in IVD regeneration. The present study shows that porcine and canine NCCM+ have
the potential to exert a regenerative effect on bovine and canine CLCs, respectively.
Secreted factors from healthy NCs (NCCM+) exerted a more pronounced anabolic effect and
induced higher notochord/nucleus pulposus specific marker expression in CLCs than the
secreted factors from dedifferentiated NCs (NCCM-), indicating that this was related to
preservation of the NC phenotype?.

Proteomic analysis reveals many common proteins in porcine, canine, and human NCCM

Since previous findings indicated regenerative effects of porcine, canine, and human NCCM
on human CLCs*®, the main focus of the proteomic analysis of this study was on common
proteins discovered in NCCM from all three species. A considerable part of the detected
proteins consisted of ECM, e.g. proteoglycans, collagens and keratins, and organelle-derived
proteins. However, specific growth factors, potentially responsible for NCCM’s regenerative
effect, were not identified, which is in contrast with previous studies in which CTGF was
identified in canine® and porcine™® NCCM. This discrepancy may be due to the method of
NCCM generation. Whereas the previous studies produced NCCM from isolated NCs, in the
current study, NCCM was generated from NC-rich NP tissue. Potential growth factors
secreted by NCs may therefore be overshadowed by large quantities of proteins released
during NP tissue incubation. In line with previous findings?, however, clusterin and alpha-2-
macroglobulin were detected in all the species’” NCCM, and tenascin in human and canine
NCCM. These matricellular proteins may have protective effects for NP cells. Furthermore,
class 3 semaphorins were identified in canine (SEMA3C, SEMA3E) and porcine (SEMA3C)
NCCM. SEMA3C is suggested to play a role in innervation and vascularisation of degenerated
human IVDs and has been linked to back pain36. The finding of SEMA3C and SEMA3E in
canine and porcine NCCM derived from healthy NPs, however, may also support an
inhibitory role of semaphorins in nerve and blood vessel growth®”.

The proteins in common to all three species and upstream bioinformatics analysis provide
new insights into IVD (patho)physiology, including transcriptional gene regulation. For
example, proteins related to transcription factor binding sites AP-1 and PAX4 were
identified. AP-1 is a downstream target of the mitogenic activated protein (MAP) kinase
signaling pathway and regulates chondrogenic differentiation®. In healthy porcine, canine,
and human NP tissue, GAG synthesis may be regulated in an AP-1/growth factor-dependent
manner, given that BMP2 and TGF-B induced the expression of the GAG synthesis enzyme
B1,3-glucuronosyl transferase 1 in rat NP cells via - amongst others - AP-13. PAX4 has been
mainly studied in the pancreas‘m' *1 whereas its role in bone/cartilaginous tissues is
unexplored. PAX1 and PAX9, however, are known to be associated with axial and limb
skeleton development* and vertebral body and cartilage formation®. Furthermore, the
current study also demonstrates that proteins related to miR-29a/b/c were present in
porcine and human NCCM+. The miR-29 family negatively regulates TGF-f and canonical
Wnt signalling* *°, exerts anti-fibrotic effects*®, and acts across development and
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progression of osteoarthritis*. In the IVD, the role of the miR-29 family has not been
investigated yet, but based on knowledge from other tissues it could also be involved in
ECM production.

Taken together, many common proteins were identified in porcine, canine, and human
NCCM. Mainly ECM and organelle-derived proteins, but no specific growth factors were
detected. Furthermore, in porcine and human NCCM, platelet- and complement system-
related proteins were identified. Possibly these proteins were identified as a result of blood
contamination explained by the technically challenging harvesting of NP tissue rather than
being a biologically relevant finding. Hence, it may be beneficial for future studies to focus
on comparative proteomic analysis of porcine, canine, and human NCCM generated from
isolated NCs, without interfering ECM proteins.

Pelletable NCCM factors exert a moderate anabolic effect on canine CLCs

Proteomic analysis revealed that NCCM+ contained a considerable amount of membrane-
bound vesicle proteins. In functional studies, the effect of NCCM-P (containing EVs and
protein aggregates) was determined on CLCs. In bovine CLCs, the effect of porcine NCCM-P
factors was negligible. In contrast, canine NCCM-P factors increased, in a concentration-
dependent manner, the canine CLC GAG, GAG/DNA, and collagen type Il content compared
with controls (although less pronounced than for the soluble factors). Also, canine NCCM-P
decreased VEGF and increased KRT19 expression compared with controls, indicating that it
inhibited angiogenesis*’ and induced a healthy NP-like phenotype®®. The bovine CLCs were
obtained from relatively healthy/early degenerated IVDs and the canine CLCs from
degenerated IVDs, which may explain the difference in response, besides NCCM/CLC species
differences.

In the present study, NCCM-P needed to be frozen, since canine NCCM donors were
available at unpredictable moments. The effect of freezing EVs is controversial: previous
studies demonstrated that EVs were relatively insensitive to freeze/thaw cycleslg’ 49,
whereas others showed the oppositeso. The current study showed that at least 4 days of
freezing at -70°C did not influence the biological activity of canine NC-derived pelletable
factors compared with non-frozen pelletable factors (kept at 4°C) from the same donor on
canine CLC micro-aggregates. Besides long term freezing, also relatively hampered access to
the pelletable factors could have accounted for the less pronounced effect of NCCM-P on
the canine hydrogels and bovine alginate beads compared with the canine micro-

aggregates.

Taken together, the present study demonstrates that the NCCM-P factors (protein
aggregates and EVs) exerted a moderate concentration-dependent anabolic effect, but only
on canine CLCs. While we cannot exclude that the absence of a biologic effect of EVs
present in the NCCM-P may be related to the 100,000g uItracentrifugationSl, future studies
should focus on the effect of different isolation protocols and different populations of
purified NC-derived EVs, without interference of protein aggregates present in NCCM-P.

Soluble porcine and canine NCCM factors exert anabolic effects on bovine and canine CLCs

It appeared that most proteins remained in the soluble fraction of canine and porcine NCCM
after ultracentrifugation. The effect of porcine NCCM-S on bovine CLCs was similar to that of
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NCCM+, suggesting that porcine NCCM exerted its anabolic effect mainly through protein-
based mechanisms. Also in the canine species, and the GAG content of NCCM-S-treated
hydrogels was rather similar to that of hydrogels treated with NCCM+. However, the
hydrogel appeared to have the propensity to bind the GAGs present in NCCM. Correcting for
this property indicates that NCCM- may be even more active than NCCM+ or NCCM-S.
However, this was not evident from the histological analysis. In our view, the amount of
GAGs produced by the CLCs themselves cannot simply be calculated by correcting for the
GAG content of empty hydrogels cultured in NCCM, because the incorporated ECM proteins
likely changed the micro-environment and consequently affected GAG synthesis®> 3.
Generally, notochord/nucleus pulposus specific marker expression was higher after NCCM+
and NCCM-S than after NCCM-P treatment, indicating that NCCM+ and NCCM-S were better
able to induce a healthy NP phenotype. Furthermore, ACAN and COL2A1 expression did not
differ between NCCM-treated CLCs and controls, while ADAMTS5 and MMP13 gene
expression levels were generally higher in NCCM+ and/or NCCM-S-treated CLCs compared
with other conditions. The latter is most probably related to ECM remodelling rather than
catabolism, given that histological analysis points towards a stronger anabolic effect of
NCCM+ and NCCM-S than NCCM-P and NCCM-. In NCCM+ and NCCM-S, more pericellular
GAGs were observed, suggesting that the CLCs synthesized these GAGs themselves. Also
collagen type Il deposition was highest after NCCM+ and NCCM-S treatment, again
indicating that both porcine and canine NCCM exerted their anabolic effects mainly through
proteins. Since no blocking experiment was performed, however, it is difficult to discern if
one or combination of factors are responsible for the effects of NCCM.

Conclusions

The present study demonstrates an anabolic cross-species effect of porcine and canine
NCCM+ on bovine and canine CLCs, respectively. Especially on bovine CLCs, a pronounced
effect of the soluble NCCM fraction (NCCM-S; peptides, proteins) was found, without an
appreciable effect of the pelletable NCCM fraction (NCCM-P; protein aggregates, EVs).
However, NCCM-P exerted a moderate anabolic effect on canine CLCs, although the culture
system used precludes firm conclusions. Thus, although porcine and canine NCCM exerted
their anabolic effects mainly through soluble factors, also the pelletable NCCM factors
showed moderate regenerative potential. Although the regenerative potential of NCCM-P
should not be overlooked, future studies should focus on unraveling the protein-based
regenerative mechanism from NCCM produced from isolated NCs, e.g. by NCCM
fractionation and pathway blocking studies.
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Table 1. Proteins identified in canine, porcine, and human NCCM

Canine

Porcine

Human

Number

Proteins

Yes

Yes

Yes

66

ACAN, FN1, KRT8, COMP, COL6A3, CA3, ALB, VIM, CLU, KRT19, A2M, HSPG2,
CHAD, ABI3BP, XYLT1, ENO1, KRT18, CILP, PKM, COL6A1, COL2A1, EFEMP1,
LAMB2, HAPLN1, ACTN4, CLEC3A, RNASE4, TPI1, ACTN1, ACTC1, EHD2, LMNA,
LAMA4, SERPINE2, CILP2, PRELP, LAMC1, CSPG4, COL11A2, HTRA1, CD109,
LDHA, ENO3, VCAN, HBB, NID2, QSOX1, PRDX1, ANXA2, LGALS1, FMOD, KRT15,
UGP2, PRDX6, PEBP1, YWHAE, YWHAZ, EEF1A1, TUBBA4B, RARRES2, THBS4,
CHRDL2, ALDOC, PLOD1, MATN2, YWHAG

No

Yes

Yes

26

AEBP1, ANXA1, ANXA5, ACTB, CLEC3B, COL11A1, COL15A1, COL3A1, COL5AL,
COL5A2, COL6A2, DPYSL2, EZR, GDI1, FBLN7, MSN, PCOLCE, PFN1, PGAM1, PPIA,
PYGL, SERPINB1, SERPINF1, SOD1, TNXB, VCL

Yes

No

Yes

34

TF, APOE, GAPDH, TNC, SERPINAL, SPTAN1, PGK1, GPI, LUM, LYZ, PRG4, DCN,
ENO2, ALDOA, SERPINA3, HBA1, GSN, EDIL3, MFGES, HIST4H4, LGALS3, FBLN1,
HSPAS, DES, BGN, SPARC, TGFBI, HSP9OAA1, CLSTN1, MDH1, CFH, FRZB, TKT,
YWHAB

No

No

Yes

91

COL14A1, COL12A1, THBS1, HBG2, HBG1, PDIA3, IGHG1, THBS3, C4B, PPIB,
POTEE, RNASE1, MATN4, CALM1, COL9A1, COL1A1, OGN, SSC5D, IGKC, KRT1,
PRDX2, COL1A2, HBD, MATN3, P4HB, CFD, MMP3, EMILIN1, ANG, NUCB1, CAPG,
C1S, ACTBL2, IGHG3, SPTBN1, FABP4, ITIH5, COL16A1, APOH, UBC, YWHAQ,
IGHG2, C1R, IGHG4, LOXL2, VIT, B2M, CKM, ECM1, SERPINAS, KRT10, TUBA1B,
FGFBP2, FBN1, DBI, PRDX4, TUBB2A, CLEC11A, RCN1, GSTP1, HSPA1B, CA1,
FNDC1, KRT7, HNRNPA2B1, HNRNPA1, C3, KRT9, SELENBP1, FSTL1, HAPLN3,
PGM1, FGA, FABP5, CALU, SLPI, HSP90B1, IQGAP1, TP53I3, RCN3, FBLN2, FLNA,
MXRAS5, TMSB4X, S100A10, CAT, HSP90AB1, DSC3, FSCN1, LRP1, CYCS

Yes

Yes

No

21

SEMA3C, ENPP2, CP, CCL16, PCOLCE2, CCDC80, uncharl, APP, THY1, EHD3,
KRT75, KRT14, SMOC1, ACTN2, TPM1, LECT2, unchar2, HSPA2, TUBB, TUBB2B,
TIMP2

No

Yes

No

36

AHNAK, ANXAS8, LOC100157318, CFB, SERPING1, C4A, CAPN2, CHADL, CHI3L1,
FLNC, HBQ1, H2BFS, HSPB1, KRT5, LOC100626701, ORM1, HIST2HBE,
LOC102164134, LOC100524210, MFI2, MYHS, NME2, NPEPPS, PFKL, PRKCDBP,
RDX, LOC100736872, SERPINA3-3, SPARCL1, SPP1, LOC100049693, TPM4, VAT1,
SEMA7A, unchar3, H3F3A

Yes

No

No

49

CDH1, SLIT3, OLFML2B, PGAM4, CA2, KRT13, LGALS3BP, SOD3, ANOS1,
LOC477441, MB, MRC2, LTF, col11a2, MFAP4, TNFRSF11B, HSPA1A,
LOC100855540, LDHB, NCAM1, CHST3, LOC476825, LOXL3, KRT17,
LOC100855471, TIMP3, CRYAB, CKB, SEMA3E, CFL1, LOC488254, HSPAS, CCL21,
HIST1H2AH, PTRF, CSTB, LECT1, CHST6, PGAM2, TUBA1A, SLC2A1, TUBB4A,
CDH2, HIST1H1C, FHL1, SDCBP, KRT78, GSTM3, EFEMP2
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Table 2. Gene Onthology analysis of proteins identified in porcine,

Soluble and pelletable factors in NCCM

canine, and human

NCCM
Rank | GO term Name g-value Hit Count | Hit Countin | Hitin Query List
FDR B&H in Query Genome
List
1 G0:0005539 Glycosaminoglycan 7.96E-08 11 216 THBS4,SERPINE2,ANG,FMOD,F
binding N1,COMP,ABI3BP,PRELP,ACAN
,VCAN,HAPLN1
2 G0:0005201 Extracellular matrix 8.35E-07 7 70 COL2A1,COL11A2,COMP,PREL
structural constituent P,ACAN,LAMA4,LAMC1
3 G0:0005198 Structural molecule 4.30E-06 15 748 COL2A1,VIM,TUBB4B,KRT8,CO
activity L11A2,KRT15,COMP,LMNA,KR
T18,KRT19,PRELP,ACAN,LAMA
4,LAMB2,LAMC1
4 G0:0008201 Heparin binding 9.30E-06 8 164 THBS4,SERPINE2,ANG,FMOD,F
N1,COMP,ABI3BP,PRELP
5 G0:0005518 Collagen binding 1.23E-05 6 71 NID2,THBS4,FN1,COMP,ABI3B
P,CSPG4
6 G0:0032403 Protein complex 1.48E-04 15 1053 VIM,NID2,KRT8,THBS4,FN1,CO
binding MP,ABI3BP,KRT19,CSPG4,PKM
,LAMB2,ACTN4,ACTN1,YWHAE
,YWHAZ
7 G0:1901681 Sulfur compound 1.48E-04 8 257 THBS4,SERPINE2,ANG,FMOD,F
binding N1,COMP,ABI3BP,PRELP
8 G0:0019899 Enzyme binding 1.48E-04 20 1851 A2M,VIM,HSPG2,FN1,COMP,L
MNA,CLU,PEBP1,ANXA2,VCAN
,CSPG4,ALB,LDHA,ENO1,YWHA
E,YWHAG,YWHAZ,PRDX6,EEF1
Al1,TPI1
9 G0:0004867 Serine-type 8.34E-04 5 96 A2M,COL6A3,SERPINE2,PEBP1,
endopeptidase inhibitor CD109
activity
10 G0:0097110 Scaffold protein binding | 1.51E-03 56 VIM,KRT8,KRT15,KRT18
11 G0:0002020 Protease binding 1.63E-03 115 A2M,HSPG2,FN1,COMP,ANXA
2
12 G0:0005178 Integrin binding 1.69E-03 5 118 THBS4,FN1,LAMB2,ACTN4,ACT
N1
13 G0:0004857 Enzyme inhibitor 1.74E-03 8 393 A2M,COL6A3,SERPINE2,PEBP1,
activity ANXA2,CD109,CHAD,YWHAG
14 G0:0004634 Phosphopyruvate 1.74E-03 2 4 ENO1,ENO3
hydratase activity
15 G0:0005540 Hyaluronic acid binding | 1.79E-03 3 24 ACAN,VCAN,HAPLN1
16 G0:0019838 Growth factor binding 2.28E-03 5 134 COL2A1,A2M,COL6A1,HTRA1L,C
D109
17 G0:0003723 RNA binding 2.28E-03 16 1608 VIM, TUBB4B,ANG,KRT18,PEBP
1,ANXA2,PRDX1,PKM,ACTN4,A
CTN1,ENO1,YWHAE,YWHAG,Y
WHAZ,LGALS1,EEF1A1
18 G0:0061134 Peptidase regulator 2.39E-03 6 221 A2M,COL6A3,SERPINE2,FN1,P
activity EBP1,CD109
19 G0:0016209 Antioxidant activity 2.51E-03 4 75 PRDX1,ALB,HBB,PRDX6
20 G0:0005509 Calcium ion binding 2.54E-03 10 694 NID2,THBS4,EFEMP1,COMP,A
NXA2,MATN2,VCAN,ACTN4,AC
TN1,EHD2
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Table 3. Pathway analysis of proteins identified in porcine and human NCCM

Rank ID Name q-value Hit Count Hit Count in | Hitin Query List
FDR B&H in Query Genome
List
1 730306 Assembly of collagen 5.9E-09 7 54 COL3A1,COL5A1,COL5A2,C
fibrils and other OL6A2,COL11A1,COL15A1,
multimeric structures PCOLCE
2 645289 Collagen biosynthesis and | 1.1E-08 7 65 COL3A1,COL5A1,COL5A2,C
modifying enzymes OL6A2,COL11A1,COL15A1,
PCOLCE
3 645288 Collagen formation 3.5E-08 7 87 COL3A1,COL5A1,COL5A2,C
OL6A2,COL11A1,COL15A1,
PCOLCE
4 576262 Extracellular matrix 1.9€-06 8 264 COL3A1,COL5A1,COL5A2,C
organization OL6A2,COL11A1,COL15A1,
TNXB,PCOLCE
5 161004 Recycling pathway of L1 4.5E-04 3 27 EZR,DPYSL2,MSN
6 106050 Platelet degranulation 5.6E-04 4 85 PFN1,PPIA,VCL,SOD1
7 106048 Response to elevated 6.5E-04 4 90 PFN1,PPIA,VCL,SOD1
platelet cytosolic Ca2+
8 105688 Axon guidance 3.0E-03 5 262 EZR,COL6A2,DPYSL2,PFN1,
MSN
9 161003 L1CAM interactions 1.1E-02 3 94 EZR,DPYSL2,MSN
10 106034 Platelet activation, 1.1E-02 4 214 PFN1,PPIA,VCL,SOD1

signaling and aggregation
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Table 4. Pathway analysis of proteins identified in canine and human NCCM

Rank ID Name q-value Hit Count Hit Count in | Hitin Query List
FDR B&H in Query Genome
List
1 106204 Gluconeogenesis 2.1E-07 6 33 GPI,MDH1,ALDOA,GAPDH,
ENO2,PGK1
2 105911 Glycolysis 1.5E-06 5 29 GPI,ALDOA,GAPDH,ENO2,P
GK1
3 106196 Metabolism of 3.3E-06 €] 266 GPI,LUM,MDH1,DCN,ALDO
carbohydrates A,GAPDH,ENO2,PGK1,BGN
4 106199 Glucose metabolism 3.9E-06 6 75 GPI,MDH1,ALDOA,GAPDH,
ENO2,PGK1
5 833812 ECM proteoglycans 1.5E-05 5 55 SPARC,LUM,DCN,TNC,BGN
6 366238 Amyloids 1.0E-04 5 85 TGFBI,MFGES8,LYZ,HIST1H4
A,GSN
7 576262 Extracellular matrix 2.1E-04 7 264 FBLN1,SPARC,LUM,DCN,TN
organization C,BGN,DDR2
8 771599 Binding and Uptake of 4.9E-04 4 61 SPARC,APOE,HBA1,HSP90A
Ligands by Scavenger Al
Receptors
9 530764 Disease 3.1E-03 11 1088 TGFBI,MFGES8,APOE,LUM,D
CN,LYZ,HIST1H4A,YWHAB,
GSN,HSP90AA1,BGN
10 645310 Dermatan sulfate 6.0E-03 2 11 DCN,BGN
biosynthesis
11 105679 Caspase-mediated 7.0E-03 2 12 SPTAN1,GSN
cleavage of cytoskeletal
proteins
12 645311 CS/DS degradation 8.9E-03 2 14 DCN,BGN
13 477135 Metabolism 1.5E-02 12 1575 GPI,APOE,LUM,MDH1,HBA
1,DCN,ALDOA,GAPDH,ENO
2,PGK1,HSPS0AA1,BGN
14 645309 Chondroitin sulfate 1.8E-02 2 21 DCN,BGN
biosynthesis
15 106050 Platelet degranulation 2.0E-02 3 85 SERPINA1,SPARC,ALDOA
16 106048 Response to elevated 2.3E-02 3 90 SERPINA1,SPARC,ALDOA
platelet cytosolic Ca2+
17 645305 A tetrasaccharide linker 2.5E-02 2 26 DCN,BGN
sequence is required for
GAG synthesis
18 685546 MPS VII - Sly syndrome 3.7E-02 3 121 LUM,DCN,BGN
19 685536 Mucopolysaccharidoses 3.7E-02 3 121 LUM,DCN,BGN
20 685547 MPS IX - Natowicz 3.7E-02 3 121 LUM,DCN,BGN

syndrome
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Table 5. Pathway analysis of proteins identified in porcine and canine NCCM

Rank ID Name g-value Hit Count Hit Count in | Hitin Query List
FDR B&H in Query Genome
List

1 106248 Post-chaperonin tubulin 2.88E-02 2 19 TUBB2A,TUBB2B
folding pathway

2 106245 Formation of tubulin 2.88E-02 2 22 TUBB2A,TUBB2B
folding intermediates by
CCT/TriC

3 106244 Prefoldin mediated 2.88E-02 2 28 TUBB2A,TUBB2B
transfer of substrate to
CCT/TriC

4 106243 Cooperation of Prefoldin 2.88E-02 2 29 TUBB2A,TUBB2B

and TriC/CCT in actin and
tubulin folding

5 106262 Striated Muscle 2.88E-02 2 31 TPM1,ACTN2
Contraction

6 106242 Chaperonin-mediated 4.66E-02 2 50 TUBB2A,TUBB2B
protein folding

7 106261 Muscle contraction 4.66E-02 2 51 TPM1,ACTN2

8 106241 Protein folding 4.66E-02 2 55 TUBB2A,TUBB2B

Table 6. Pathway analysis of proteins identified only in porcine NCCM

Rank ID Name g-value Hit Count | Hit Countin | Hitin Query List
FDR B&H in Query Genome
List
1 106412 Activation of C3 and C5 0.00829 2 5 C4A,CFB
2 576254 Regulation of 0.04694 2 22 C4A,CFB
Complement cascade

Table 7. Pathway analysis of proteins identified only in canine NCCM

Rank ID Name g-value Hit Count | Hit Countin | Hitin Query List
FDR B&H in Query Genome
List
1 576262 Extracellular matrix 0.02383 6 264 MFAP4,COL11A2,EFEMP2,N
organization CAM1,LOXL3,CDH1
2 730310 Elastic fibre formation 0.02651 3 41 MFAP4,EFEMP2,LOXL3
3 106248 Post-chaperonin tubulin 0.04144 2 19 TUBB4A,TUBA1A
folding pathway
4 105688 Axon guidance 0.04144 5 262 CFL1,SLIT3,NCAM1,SDCBP,S
EMA3E
5 106245 Formation of tubulin 0.04565 2 22 TUBB4A,TUBA1A
folding intermediates by
CCT/TriC
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Table 8. Pathway analysis of proteins identified only in human NCCM

Soluble and pelletable factors in NCCM

Rank ID Name q-value Hit Count Hit Count | Hitin Query List
FDR B&H in Query in
List Genome
1 106406 Initial triggering of 4.93E-09 €] 40 CFD,IGHG1,IGHG2,IGHG
complement 3,IGHG4,IGKC,C1R,C1S,
C3
2 576262 Extracellular matrix 2.82E-08 16 264 THBS1,COL9A1,COL12A
organization 1,FBLN2,FBN1,COL16A1
,PAHB,LOXL2, MATN3,F
GA,COL14A1,MATN4,M
MP3,PPIB,COL1A1,COL1
A2
3 106405 Complement cascade 6.88E-08 9 58 CFD,IGHG1,IGHG2,IGHG
3,IGHG4,IGKC,C1R,C1S,
C3
4 645288 Collagen formation 1.23E-07 10 87 COL9A1,COL12A1,COL1
6A1,P4HB,LOXL2,COL14
A1,MMP3,PPIB,COL1A1
,COL1A2
5 106409 Classical antibody- 1.35E-07 7 28 IGHG1,IGHG2,IGHG3,IG
mediated complement HG4,IGKC,C1R,C1S
activation
6 106407 Creation of C4 and C2 5.19E-07 7 34 IGHG1,IGHG2,IGHG3,IG
activators HG4,IGKC,C1R,C1S
7 645289 Collagen biosynthesis and | 2.26E-06 8 65 COL9A1,COL12A1,COL1
modifying enzymes 6A1,P4HB,COL14A1,PPI
B,COL1A1,COL1A2
8 106050 Platelet degranulation 1.86E-04 7 85 CFD,FLNA,THBS1,CALM
2,CALU,FGA, TMSB4X
9 106048 Response to elevated 2.35E-04 7 90 CFD,FLNA,THBS1,CALM
platelet cytosolic Ca2+ 2,CALU,FGA, TMSB4X
10 771578 FCGR activation 2.35E-04 5 34 IGHG1,IGHG2,IGHG3,IG
HG4,IGKC
11 771599 Binding and Uptake of 2.70E-04 6 61 HSP90B1,IGKC,LRP1,HB
Ligands by Scavenger D,COL1A1,COL1A2
Receptors
12 730309 Collagen degradation 3.54E-04 5 38 COL9A1,COL12A1,COL1
6A1,COL14A1,MMP3
13 771580 Role of phospholipids in 8.80E-04 5 46 IGHG1,IGHG2,IGHG3,IG
phagocytosis HG4,IGKC
14 771579 Regulation of actin 1.16E-03 6 81 IGHG1,IGHG2,IGHG3,IG
dynamics for phagocytic HG4,IGKC,HSP90AB1
cup formation
15 106110 Integrin cell surface 4.22E-03 5 66 THBS1,COL9A1,FBN1,C
interactions OL16A1,FGA
16 771577 Fcgamma receptor 4.22E-03 6 105 IGHG1,IGHG2,IGHG3,IG
(FCGR) dependent HG4,IGKC,HSP90AB1
phagocytosis
17 106410 Alternative complement 9.39E-03 2 4 CFD,C3
activation
18 833814 Scavenging by Class A 1.01E-02 3 19 HSP90B1,COL1A1,COL1
Receptors A2
19 576263 Degradation of the 1.42E-02 5 89 COL9A1,COL12A1,COL1
extracellular matrix 6A1,COL14A1,MMP3
20 730306 Assembly of collagen 1.74E-02 4 54 LOXL2,MMP3,COL1A1,C

fibrils and other
multimeric structures

OL1A2
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Table 9. Proteins associated with transcription factor binding sites in porcine, canine and

human NCCM

Venn- ID g-value FDR Hit Count in | Hit Count | Hitin Query List

group B&H Query List in

Genome

Common | TGANTCA_VSAP1_C 1.63E-02 15 919 XYLT1,HSPG2,KRT8,KRT15,K
RT19,CSPG4,PKM,LAMC1,A
CTN4,ENO1,ENO3,YWHAG,
YWHAZ,LGALS1,EEF1A1

Common | GGGTGGRR_VSPAX4_0 | 4.51E-02 15 1068 A2M,VIM,HSPG2,NID2,COL

3 6A3,COL11A2,RARRES2,PRE

LP,CD109,LAMB2,YWHAE,Y
WHAG,YWHAZ,EEF1A1,HAP
LN1

Canine & | TATAAA_VSTATA_01 2.49E-02 7 1075 CP,LECT2,SEMA3C,ENPP2,K

porcine RT14,ACTN2,SMOC1

Canine VS$ZIC3_01 3.55E-02 6 213 CRYAB, TIMP3,EFEMP2,SLIT
3,LOXL3,CHST3

Canine GGGAGGRR_VSMAZ_Q | 3.55E-02 17 1838 TUBB4A,KRT13,COL11A2,KR

6 T17,MRC2,CFL1,LECT1,EFE

MP2,SLIT3,CHST6,NCAM1,P
TRF,LOXL3,CDH2,LDHB,SLC
2A1,S0D3

Table 10. Proteins associated with miRNA’s in porcine and human NCCM

ID g-value FDR Hit Count in | Hit Count Hit in Query List
B&H Query List in
Genome

Porcine & | hsa-miR-29b 2.48E-02 7 850 COL3A1,COL5A1,COL5A2,D

human PYSL2,COL11A1,COL15A1,V
CL

Porcine & | hsa-miR-29a 2.48E-02 7 850 COL3A1,COL5A1,COL5A2,D

human PYSL2,COL11A1,COL15A1,V
CL

Porcine & | hsa-miR-29c 2.48E-02 7 850 COL3A1,COL5A1,COL5A2,D

human PYSL2,COL11A1,COL15A1,V
CL

Human hsa-miR-29¢ 2.24E-02 4 31 FBN1,FGA,COL1A1,COL1A2

only
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Supplementary File 1. Primers used for quantitative PCR of canine samples

Genes Forward sequence 5’ - 3’ Reverse sequence 5’ > 3’ A.mpllcon Annea[mg
size temp (°C)

Reference genes

GAPDH TGTCCCCACCCCCAATGTATC CTCCGATGCCTGCTTCACTACCTT 100 58

HPRT AGCTTGCTGGTGAAAAGGAC TTATAGTCAAGGGCATATCC 104 58

RPS19 CCTTCCTCAAAAAGTCTGGG GTTCTCATCGTAGGGAGCAAG 95 61

SDHA GCCTTGGATCTCTTGATGGA TTCTTGGCTCTTATGCGATG 92 56.5

Target genes

ACAN GGACACTCCTTGCAATTTGAG GTCATTCCACTCTCCCTTCTC 111 62

ADAMTS5 CTACTGCACAGGGAAGAG GAACCCATTCCACAAATGTC 149 61

BAX CCTTTTGCTTCAGGGTTTCA CTCAGCTTCTTGGTGGATGC 108 58

BCL2 TGGAGAGVGTCAACCGGGAGATGT AGGTGTGCAGATGCCGGTTCAGGT 87 62

CASP3 ATCACTGAAGATGGATGGGTTGGGTT TGAAAGGAGCATGTTCTGAAGTAGCACT 139 58

COL1A1 GTGTGTACAGAACGGCCTCA TCGCAAATCACGTCATCG 109 61

COL2A1 GCAGCAAGAGCAAGGAC TTCTGAGAGCCCTCGGT 151 62

COL10A1 CCAACACCAAGACACAG CAGGAATACCTTGCTCTC 80 61

CCND1 GCCTCGAAGATGAAGGAGAC CAGTTTGTTCACCAGGAGCA 117 60

FOXF1 GAGTTCGTCTTCTCCTTCAACAC GCTTGATGTCTTGGTAGGTGAC 99 60

KRT8 CCTTAGGCGGGTCTCTCGTA GGGAAGCTGGTGTCTGAGTC 149 63

KRT18 GGACAGCTCTGACTCCAGGT AGCTTGGAGAACAGCCTGAG 97 60

KRT19 GCCCAGCTGAGCGATGTGC TGCTCCAGCCGTGACTTGATGT 86 64

MMP13 CTGAGGAAGACTTCCAGCTT TTGGACCACTTGAGAGTTCG 250 65

T AGACAGCCAGCAATCTG TGGAGGGAAGTGAGAGG 115 53

VEGF CTTTCTGCTCTCCTGGGTGC GGTTTGTGCTCTCCTCCTGC 101 58

All primers were designed in-house using Perlprimer except for MMP13 and BAX .

Four reference genes (glyceraldehyde 3-phosphate dehydrogenase (GAPDH), hypoxanthine-guanine

phosphoribosyltransferase (HPRT), ribosomal protein $S19 (RPS19) and succinate dehydrogenase subunit A
(SDHA), were chosen to normalize gene expression of the target genes: aggrecan (ACAN), a disintegrin and
metalloproteinase with thrombospondin motifs 5 (ADAMTS5), Bcl2-like-protein (BAX), B-cell CLL/lymphoma 2
(BCL-2), caspase-3 (CASP3), collagen type | (COL1A1), collagen type Il (COL2A1), collagen type X (COL10A1),
cyclin D1 (CCND1), forkhead box F1 (FOXF1), keratin 8 (KRT8), keratin 18 (KRT18), keratin 19 (KRT19), matrix
metalloproteinase 13 (MMP13), brachyury (T), and vascular endothelial growth factor (VEGF).
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Chapter 4

Abstract

During intervertebral disc ageing, chondrocyte-like cells (CLCs) replace notochordal cells
(NCs). NCs have been shown to induce regenerative effects in CLCs. Since vesicles released
by NCs may be responsible for these effects, we characterized NC-derived extracellular
vesicles (EVs) and determined their effect on CLCs. EVs were purified from porcine NC-
conditioned medium (NCCM) through size exclusion chromatography, ultracentrifugation or
density gradient centrifugation. Additionally, the EVs were quantitatively analyzed by high-
resolution flow cytometry. The effect of NCCM-derived EVs was studied on canine and
human CLC micro-aggregates in vitro and compared with NCCM-derived proteins and
unfractionated NCCM. Porcine NCCM contained a considerable amount of EVs. NCCM-
derived EVs induced GAG deposition in canine CLCs to a comparable level as NCCM-derived
proteins and unfractionated NCCM, and increased the DNA and glycosaminoglycan (GAG)
content of human micro-aggregates, although to a lesser extent than unfractionated NCCM.
The biological EV effects were not considerably influenced by ultracentrifugation compared
with size exclusion-based purification. Upon ultracentrifugation, interfering GAGs, but not
collagens, were lost. Nonetheless, collagen type | or Il supplemented to CLCs in a
concentration as present in NCCM induced no anabolic effects. Porcine NCCM-derived EVs
exerted anabolic effects comparable to NCCM-derived proteins, while unfractionated NCCM
was more potent in human CLCs. GAGs and collagens appeared not to mediate the
regenerative EV effects. Thus, NC-derived EVs have regenerative potential, and their effects
may be influenced by the proteins present in NCCM. The optimal combination of NC-
secreted factors needs to be determined to fully exploit the regenerative potential of NC-
based technology.
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Introduction

Low back pain, affecting up to 85% of the population and resulting in considerable
socioeconomic consequencesl’ 2 has been associated with intervertebral disc (IvD)
degeneration®. Since dogs experience back pain and IVD degeneration with similar
characteristics as humans, they are considered a suitable animal model for humans IVD
degeneration® . The healthy IVD provides stability and flexibility to the spine and consists of
a hydrated nucleus pulposus (NP) surrounded by the annulus fibrosus (AF). The NP,
composed of glycosaminoglycan (GAG) and collagen type I, is derived from the notochord®.
GAGs indirectly attract water, and in this way the IVD provides a shock absorption function
for the spine. During maturation, notochordal cells (NCs) are replaced by chondrocyte-like
cells (CLCs) in the NP. When the IVD degenerates, the CLCs are not able to maintain healthy
tissue anymore. The CLCs become depleted, the GAG and water content decreases and
collagen type Il is replaced by collagen type I, resulting in a more fibrous tissue. The
avascular IVD shows inadequate repair, and a vicious circle develops in which the IVD
experiences increased vulnerability to damage by physiologic loading’.

Current treatments for IVD disease aim at relieving symptoms, but do not address the
underlying degeneration. Therefore, regenerative strategies have gained increased
attention®°. Successful treatment strategies can be developed by mimicking developmental
biology. In this respect, NCs have attracted increasing interest because of their potential
regenerative capacity’'. Large, vacuolated NCs are only present in the NP of young human
individuals and disappear around 10 years of age. The replacement of NCs by CLCs precedes
the onset of IVD degeneration, implying that NCs may play a role in maintaining IVD health.
The regenerative effect of NC-conditioned medium (NCCM) has already been demonstrated
on CLCs** ™, mesenchymal stromal cells (MSCs)lS'”, and NP tissue explants18 in vitro, and on
rat IVDs in vivo™. NCCM may exert its effects in several ways: through extracellular matrix
(ECM) components such as GAGs?® and/or through growth factors. Factors that were
already found are connective tissue growth factor (CTGF)'® ?*, transforming growth factor-p;
(TGF-B1), Wnt-induced soluble protein 2, insulin-like growth factor binding protein 7, and
angiopoietin-like 7% in canine NCCM, and CTGFZZ, alpha-2-macroglobulin, clusterin, and
tenascin®® in porcine NCCM.

Recently, extracellular vesicles (EVs) have gained increased attention. EVs are small,
membrane-enclosed particles released by cells that play a role in intercellular signaling®,
and are involved in tissue regeneration“’ B We previously proposed that EVs may be
responsible for regenerative NCCM effects®®. The anabolic effect of pelletable (theoretically
containing EVs and protein aggregates) NCCM factors was, however, less pronounced than
that of soluble (peptides, proteins) NCCM factors®®. This observation could be attributed to
the ultracentrifugation (UC) procedure that may negatively affect the biological EV
properties’’” or to the interfering protein aggregates present in the pelletable fraction?.
Therefore, the first aim of the current study was to purify and characterize NC-derived EVs
from porcine NCCM. The second aim was to determine the biologic effect of the NCCM-
derived EVs on canine and human CLCs from degenerated IVDs in vitro.
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Material and Methods

Sources of porcine NC-rich NP tissue and generation of NCCM

Healthy NP tissue was collected from 7 complete porcine spines (1.5 months of age,
Thompson grade 1) from the slaughterhouse in accordance with national regulations. To
compare NCCM-derived EV and protein fractions with unfractionated NCCM in terms of EV
and protein concentration, NCCM generation was slightly modified'?. Briefly, NP tissue (1
gram/20 mL) was cultured for 4 days in hgDMEM+Glutamax (31966, Invitrogen) with 1% P/S
(P11-010, GE Healthcare Life Sciences) at 37°C, 5% CO,, 5% O,. After 4 days, tissue was
removed by 70 um cell strainer filtration. The filtrate was centrifuged twice at 200g and
500g (ten minutes each, 4°C) to remove cells and to prevent the release of vesicles due to
cell damage®. Subsequently, the supernatant was centrifuged at 4000g (45 minutes, 4°C)
using 3 kDa Amicon Ultra-15 filter tubes (Merck Millipore) to remove small metabolites and
waste products due to altered pHZO. Substances with a molecular weight >3 kDa were
suspended in fresh hgDMEM+Glutamax.

Extracellular vesicle purification from porcine NCCM

EVs present within porcine NCCM were purified by differential UC*® (Beckman Coulter
Optima L-90K ultracentrifuge) and SEC. First, 37 mL of NCCM (previously centrifuged at 200,
500, and 4000g) was centrifuged at 10,000g (SW28 rotor; 4°C; 30 minutes; 8,700 rpm; RCF
average 10,016g; RCF max 13,648g; k-factor 2543.1) to remove cellular debris and apoptotic
bodies. The supernatant was aliquoted and stored at -70°C until use. Per donor, 3 mL of
10,000g NCCM supernatant was subjected to qEV SEC-Columns (iZON Science; 1
mL/column) according to the manufacturer’s instructions (Figure 1). The qEV columns were
calibrated and eluted with either sterile hgDMEM+Glutamax (one column per donor;
control, EVgey and Pgey conditions, see later) or PBS/0.1% BSA (two columns per donor; EVyc
and Pyc conditions, see later) before use. PBS/0.1% BSA was depleted from aggregates by
overnight (O/N) UC at 100,000g. Twenty-five fractions of 0.5 mL were collected per qEV
column and the respective protein concentration was determined (Nanodrop 2000, A280).
Based on expected EV sizes and measured protein content, the three fractions with most
EVs (between fraction 6 and 11) and proteins (between fraction 18 and 24) were separately
collected and pooled per donor (Supplementary File 1), yielding 4.5 mL enriched with EVs
and 4.5 mL enriched with proteins per donor. One and a half mL hgDMEM+Glutamax with
NCCM-derived EVs or proteins were directly employed in culture experiments (EVqey and
Pqev). The remaining 3 mL PBS/0.1% BSA with EVs or proteins was topped up with aggregate-
depleted PBS/0.1% BSA in SW40 tubes and ultracentrifuged at 100,000g (SW40 rotor; 4°C;
65 minutes; 23000 rpm; RCF average 10,016g; RCF max 13,648g; k-factor 2543.1). The
100,000g UC pellets of the pooled EV and protein fractions were separately resuspended in
40 uL aggregate-depleted PBS/0.1% BSA. Thirty-five uL of this 40 uL were employed in
culture experiments (EVyc and Pyc). To the remaining 5 uL of the 100,000g UC pellets, 15 plL
aggregate-depleted PBS/0.1% BSA was added, yielding 20 uL that where further employed
for EV characterization.

NCCM extracellular vesicle characterization

The EVs present in both 100,000g UC pellets (containing either EVs or proteins) were
labelled with PKH67 (MIDI67, Sigma-Aldrich), floated to their buoyant density by O/N
sucrose density gradient floatation, and quantitatively analyzed by high-resolution flow
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cytometry (BD Influx) as described previouslyzg. In brief, 100,000g UC pellets were mixed
with 180 pL Diluent C (MIDI67, Sigma-Aldrich) and 1.5 puL PKH67 and incubated for 3
minutes in SW40 tubes. One hundred pL IMDM (BE12-726F, Lonza) containing 10% EV-
depleted Fetal Bovine Serum (generated by O/N UC at 100,000g) was added to stop the
labelling process. These suspensions were mixed with 1.5 mL 2.5 M sucrose and overlaid
with fifteen 700 pL sucrose fractions with decreasing molarity (2.0 until 0.4 M) in SW40
tubes. Sucrose gradients were then subjected to density gradient floatation for 16 hours at
200,000g (SW40 rotor; 4°C; 39,000 rpm; RCF average 192,072g; RCF max 270,519g; k-factor
144.5). Twelve sucrose gradient fractions of 1 mL were collected from which the density was
determined by refractometry. Lastly, density fractions were 20 times diluted in PBS (50 pL
sample + 950 pL PBS) and analyzed for EV content using high-resolution flow cytometry,
according to an earlier described method®®. Detergents (0.1% Triton X-100 and 0.1% SDS)
were added to the fraction with the highest number of events to determine whether
measured events were truly EVs®°. Additionally, serial dilution of the fraction with the
highest number of measured events was performed to exclude swarm detection’. Data
were analyzed using FlowJo software.
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Figure 1. Schematic representation of the experimental setup. Notochordal cell-conditioned medium (NCCM)
was generated by culturing porcine NC-rich nucleus pulposus tissue for 4 days and (ultra)centrifuged to
remove cells and cell debris. For extracellular vesicle (EV) purification, 10,000g NCCM supernatant was
subjected to size-exclusion chromatography (SEC). Based on expected EV size and protein measurements, the
three fractions with most EVs and proteins (P) were separately collected and pooled (4.5 mL). Part (1.5 mL)
was directly used in micro-aggregate culture experiments (EVqey and Pgey), and part (3 mL) was subjected to
ultracentrifugation (UC) at 100,000g for EV enrichment. The 100,000g UC pellet (40 uL) was then partly (35 uL)
used in culture experiments (EVyc and Pyc), whereas the remainder (5 pL) was used for quantitative EV analysis
using high-resolution flow cytometric analysis. n=7 porcine NCCM donors, tested on a pool of 4 canine (in
triplo) and 4 human chondrocyte-like cell donors (in duplo) in culture.

89




Chapter 4

Cell culture

Canine and human CLCs were collected from early degenerated IVDs (Thompson score Il-11)
as described previously™. Briefly, NP tissue was digested with 0.15% pronase (45 minutes)
and 0.15% collagenase type Il (O/N) at 37°C. Complete canine spines were collected from
dogs euthanized in unrelated research studies, approved by the Utrecht University Animal
Ethics Committee. Human IVDs (L2-L5, <48 hours after death) were obtained in the course
of standard postmortem diagnostics, as approved by the scientific committee of the
Pathology department of the University Medical Centre Utrecht (UMCU). Anonymous use of
redundant tissue for research purposes is part of the standard treatment agreement with
UMCU patients (Local Medical Ethical Committee number 12-364). The material was used in
line with the code ‘Proper Secondary Use of Human Tissue’, installed by the Federation of
Biomedical Scientific Societies.

CLCs from four canine (2-10 years of age, Beagles) and four human (50-63 years of age)
donors were expanded as described previouslylz. At passage 2, the CLCs were pooled per
species to assess the effect of donor-specific (EVs/proteins from) porcine NCCM on a
representative human and canine CLC population. For micro-aggregate formation, 35,000
CLCs were plated per well in low-adherence cell-repellent surface 96-well plates (650970,
CELLSTAR® Greiner Bio-one) in 50 plL basal culture medium (hgDMEM+Glutamax with 1%
P/S, 1% ITS+ premix (354352, Corning Life Sciences), 0.04 mg/mL L-proline (P5607, Sigma-
Aldrich), 0.1 mM Ascorbic acid 2-phosphate (A8960, Sigma-Aldrich), 1.25 mg/mL Bovine
Serum Albumin (A9418, Sigma-Aldrich)) supplemented with 10 ng/mL TGF-B; (240-B-010,
R&D Systems). The 96-well plates were centrifuged at 50g for 5 minutes to induce micro-
aggregate formation. The next day, the culture medium was replaced with (a)
hgDMEM+Glutamax that underwent SEC using gEV columns (similarly as 10,000g NCCM
supernatant; control), (b) 10,000g NCCM supernatant (NCCM), (c) NCCM-derived EVs
obtained by SEC (EVqey), (d) NCCM-derived proteins obtained by SEC (Pgev), (€) NCCM-
derived EVs obtained by SEC followed by 100,000g UC (EVyc), or (f) NCCM-derived proteins
obtained by SEC followed by 100,000g UC (Pyc). All different culture media were
supplemented with the factors as present in basal culture medium. EVs and proteins were
applied to the CLCs at a similar concentration as present in 10,000g NCCM supernatant.
EVyc and Pyc conditions were included to determine whether 100,000g UC affected the
biological activity of the NCCM-derived EVs/proteins. The micro-aggregates were cultured
for 7 (canine) or 21 (human) days at 37°C, 5% CO,, 5% O,. Canine CLC micro-aggregates
disintegrated after 7 days of culture in NCCM(-derived factors), which prevented a 21-day
culture. Culture medium was changed twice weekly.

The micro-aggregates’ DNA (dsDNA High Sensitivity Assay Kit, Q32851, Invitrogen) and GAG
content (DMMB assay®?) were determined at day 7 (canine) or 21 (human) as described
previously'? (n=7, in duplo (human) or triplo (canine)). Since canine CLC micro-aggregates
disintegrated after about 7 days of culture in NCCM(-derived factors), only human CLC
micro-aggregates were histologically analyzed. Safranin O/Fast Green staining and collagen
type | and Il immunohistochemistry were performed as described previously*?. The collagen
and GAG concentration of the different culture media was analyzed using a hydroxyproline33
and DMMB* assay, respectively.
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In follow up culture experiments, canine CLCs were cultured for 7 days in basal culture
medium, supplemented with or without 0.5, 1 and 2 mg/mL collagen type | (C9791, Sigma-
Aldrich) or Il (C9301, Sigma-Aldrich) to determine whether collagen (applied at a
concentration as present in NCCM, EVqev, EVuc, Pqev and Pyc) exerted regenerative effects on
CLCs. Lastly, canine CLC micro-aggregates were cultured for 7 days in serial dilutions of
10,000g NCCM supernatant (NCCM), EVyc, and Pyc (1, 1:2, 1:4, 1:8 and 1:16 times
concentrated) to determine when NCCM(-derived factors) lost their regenerative potential.
The different media were diluted in basal culture medium. The same canine CLC and porcine
NCCM donors were used as described earlier. The micro-aggregates’ DNA and GAG content
were determined as described previously.

Statistical analysis

Statistical analysis was performed using IBM SPSS (version 24). All data were examined for
normal distribution (Shapiro Wilks test). Kruskal Wallis and Mann-Whitney U tests were
performed on non-normally distributed data, whereas general linear regression models
based on ANOVAs were used for normally distributed data. Benjamini & Hochberg False
Discovery Rate post-hoc corrections for multiple comparisons were performed. To find
correlations between the number of measured events and the micro-aggregates’
GAG(/DNA) content, Pearsons correlations were determined. A p-value < 0.05 was
considered significant.

Results

NCCM-derived extracellular vesicle purification and characterization

NCCM-derived EVs were separated from soluble proteins by size-exclusion chromatography
(SEC) and separately pelleted by UC at 100,000g. The UC pellets (containing either EVs or
proteins) were labelled with PKH67. Thereafter, the EVs were floated in sucrose gradients to
their buoyant density. Lastly, the EVs were quantitatively analyzed by high-resolution flow
cytometry.

To confirm the presence of true EV within samples upon flow cytometric analysis,
detergents can be added to disrupt the EV lipid bilayer®®. Upon addition of 0.1% SDS or 0.1%
Triton X-100 to the samples containing the highest number of EVs (density 1.12 g/mL), the
event rate reduced considerably (Supplementary File 1a). This was accompanied by a loss of
light scattering events (Supplementary File 1a). Taken together, this confirms that the
majority of detected events during flow cytometric analysis were indeed EVs. To
demonstrate that during flow cytometric analysis single EVs were measured and not EV
swarms (presence of multiple EVs within the measuring spot®'), the 1.12 g/mL sucrose
gradient fractions were serially diluted and analyzed. Upon dilution, the scatter profiles of
EVs did not change (Supplementary File 1c). A linear correlation (R%: 0.9996) was found
between the number of measured events and the dilution (Supplementary File 1b),
indicating that single EVs and not swarms of EVs were detected.
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EVs in 100,000g NCCM pellets
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Figure 2. Quantitative extracellular vesicle (EV) analysis by high-resolution flow cytometry of notochordal
cell-conditioned medium (NCCM). (a) Number of measured events per sucrose gradient fraction (with
different densities) (+ SD) from floated porcine NCCM EV 100,000¢ ultracentrifugation (UC) pellets (black bars)
and floated protein (P) 100,000g UC pellets (grey bars). *,**: significantly more measured events per 30 sec in
the sucrose gradient fractions of the EV 100,000g UC pellets than in those of the P 100,000g UC pellets
(p<0.05, p<0.01, respectively). (b) Dot plots of the sucrose gradient fraction with the highest number of
measured events (density 1.12 g/mL) from one representative donor (donor 2). Dot plots represent levels of
PKH67 intensity (left) or side scatter (SCC; right) (y-axis) versus reduced wide-angle forward scatter (rw-FSC) (x-
axis). Upper dot plots represent the 1.12 g/mL sucrose fraction of the EV 100,000g UC pellet, and lower dot
plots represent the 1.12 g/mL sucrose fraction of the P 100,000g UC pellet. n=7 porcine NCCM donors.

High-resolution flow cytometry of porcine NCCM-derived EV and protein (P) 100,000g UC
pellets revealed that the number of EVs differed considerably between donors
(Supplementary File 2). The majority of EVs were, however, detected at the same densities.
Additionally, the EV scatter profiles were comparable between all donors (Figure 2). In all
donors, the highest number of events was measured in the 1.10, 1.12, and 1.14 g/mL
sucrose gradient fractions of the EV 100,000g UC pellets. In the P 100,000g UC pellets, most
events were also detected in the 1.10-1.14 g/mL sucrose gradient fractions, but the number
of events was significantly lower compared to the EV 100,000g UC pellets (p<0.05).

The effect of porcine NCCM-derived purified extracellular vesicles and proteins on canine
and human CLCs

NCCM-derived EVs and proteins induce GAG deposition in canine and human CLC micro-
aggregates

Based on the expected EV sizes and protein measurements, the three NCCM SEC fractions
with most EVs and proteins (P) were separately collected (Supplementary File 3). Part was
directly used in culture (EVqev and Pgey), and part was subjected to 100,000g UC and
thereafter used in culture (EVyc and Pyc). After 7 days of culture, no treatment significantly
influenced the canine micro-aggregates’ DNA content compared with controls (Figure 3a).
The GAG and GAG/DNA content of the canine micro-aggregates were, however, significantly
increased by 7-day unfractionated NCCM, EV ey, EVyc, Pqev, and Pyc treatment (p<0.05), with
no differences between these treatments (Figure 3b,c).
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The DNA and GAG content of the human micro-aggregates were significantly induced by 21-
day unfractionated NCCM, EVqey, EVyc, Pgev, and Pyc treatment (p<0.01, Figure 3d,e,g).
Unfractionated NCCM was most potent in this respect, followed by EV4ey and Pgey, and lastly
EVycand Pyc. EVgey induced a similar DNA and GAG content in human micro-aggregates as
Pqev treatment. Also EVyc was equally potent in increasing the DNA and GAG content of the
human micro-aggregates as Pyc. Both were, however, less potent than EVqey and Pgeyin this
respect. Only 21-day EVqev and unfractionated NCCM treatment significantly increased the
GAG/DNA content of the human micro-aggregates compared with control, Pqey and Pyc
treatment (p<0.05, Figure 3f). All treatments increased collagen type | deposition compared
with controls (Figure 3g). Only in micro-aggregates treated with EVyc and Py, limited
collagen type Il was deposited (Figure 3g).

The total number of EVs in the sucrose fractions (density 1.06-1.18 g/mL) of the porcine
NCCM EV 100,000g UC pellets did not correlate with the GAG content of the canine and
human micro-aggregates treated with these EVs (Supplementary File 4a-h). Notably, the
number of measured EVs and the canine, but not the human, micro-aggregates’ GAG/DNA
content after 7-day EVqey treatment displayed a moderate correlation (r:0.600, p<0.05;
Supplementary File 4c).

Collagen and GAG concentration of the different culture media

The GAG concentration of unfractionated NCCM, EVgey, EVyc, Pgev, and Pyc media was
significantly higher than that of control media (in which GAGs were undetectable; p<0.05;
Figure 4a). The GAG concentration of unfractionated NCCM was the highest, followed by
EVqaev, Pgev, EVuc, and lastly Pyc (p<0.05). This indicates that with 100,000g UC, GAGs were
lost. The collagen concentration of unfractionated NCCM, EVgey, EVyc, Pgev, and Pyc media
was significantly higher than that of control media (in which collagen was undetectable;
p<0.05; Figure 4b). No differences in collagen concentration were detected between NCCM,
EV, and P media.

Since in all NCCM-derived culture media collagen was present, it was determined whether
collagen alone could exert effects on CLCs when it was applied at a concentration as present
in NCCM(-derived EV/P media) (0.5 mg/mL). Interestingly, 0.5 and 1 mg/mL collagen type |
or Il supplementation did not exert regenerative effects on canine CLCs (Figure 4c,d). Only
2.0 mg/mL collagen type Il increased the canine micro-aggregates GAG content compared
with controls (p<0.05).
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Figure 3. Notochordal cell-conditioned medium (NCCM)-derived extracellular vesicles (EVs) and proteins (P)
induce increased glycosaminoglycan (GAG) deposition in chondrocyte-like cell (CLC) micro-aggregates
derived from degenerated discs. (a, d) DNA content (b, ) GAG content, (c, f) GAG/DNA content (mean * SD)
of canine and human CLC micro-aggregates, respectively, cultured in control culture medium, unfractionated
porcine NCCM, or porcine NCCM-derived EVs or proteins for 7 (canine) or 21 (human) days. EVg4ey: NCCM-
derived EVs obtained after size exclusion chromatography (SEC), EVyc: NCCM-derived EVs obtained after SEC
and subsequent 100,000g ultracentrifugation (UC), Pgey: NCCM-derived proteins obtained after SEC, Pyc:
NCCM-derived proteins obtained after SEC and subsequent 100,000g UC. Bars indicate significant differences
between conditions (p<0.05); *, ** ***. significantly different from controls (p<0.05, p<0.01, p<0.001,
respectively); (g) Safranin O/Fast Green staining and collagen type | and Il immunohistochemistry of human
CLC micro-aggregates after 21 days of culture. Arrowheads indicate collagen type Il deposition. n=7 porcine
NCCM donors tested on a pool of 4 canine (in triplo) and 4 human CLC donors (in duplo). n.s.: not significantly
different.
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Figure 4. GAG and collagens are not responsible for the NCCM-mediated anabolic effects. (a) GAG and (b)
collagen concentration of the different culture media. n = 7 porcine NCCM donors. (c) DNA content (d) GAG
content (mean + SD) of canine CLC micro-aggregates cultured in basal culture medium (control), supplemented
with/without 0.5, 1.0 or 2.0 mg/mL collagen type | or Il for 7 days. n=6, tested on a pool of 4 canine CLC
donors. *: significantly different from all other conditions (p<0.05); $: significantly different from control
(p<0.05); GAG: glycosaminoglycan. n.s.: not significantly different.

Serial dilution of NCCM(-derived EVs and proteins)

In follow-up experiments, canine CLC micro-aggregates were cultured for 7 days in serial (1-
16 times) dilutions of unfractionated NCCM, EVyc, and Pyc to determine the dose-
dependency. A considerable amount of GAGs was present in Pgey and especially EVgey,
whereas this was almost absent in EVyc and Pyc media. Therefore, Pyc and EVyc were used in
this experiment to exclude GAG interference. No treatment significantly influenced the
micro-aggregates’ DNA content (Figure 5a). The micro-aggregates’ GAG content was
significantly induced by one until sixteen times diluted unfractionated NCCM (p<0.05, Figure
5b). NCCM-derived EVs and proteins also induced the micro-aggregates’ GAG content, but
only until a concentration as present in two (EVyc) or four (Pyc) times diluted NCCM
(p<0.05). The micro-aggregates’ GAG content significantly decreased with serial dilution of
unfractionated NCCM, EVyc, and Pyc. The micro-aggregates’ GAG/DNA content was only
significantly induced by one times concentrated unfractionated NCCM, NCCM-derived EVs
and proteins (p<0.05, Figure 5c).
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Figure 5. Serial dilution of notochordal cell-conditioned medium (NCCM), and NCCM-derived extracellular
vesicles (EVs) and proteins (P). (a) DNA content, (b) GAG content, (c¢) GAG/DNA content (mean + SD) of canine
CLC micro-aggregates cultured for 7 days in control culture medium, unfractionated porcine NCCM, or porcine
NCCM-derived EVs or proteins. EVyc: NCCM-derived EVs obtained after size exclusion chromatography (SEC)
and subsequent 100,000g ultracentrifugation (UC), Pyc: NCCM-derived proteins obtained after SEC and
subsequent 100,000g UC. Grey line represents controls (set at 100%). Black bars indicate significant
differences between conditions (p<0.05); *, *****. significantly different from controls (p<0.05, p<0.01,
p<0.001, respectively). n=6 porcine NCCM, EV, and P donors tested on a pool of 4 canine CLC donors. GAG:
glycosaminoglycan. n.s.: not significantly different.

The micro-aggregates’ GAG/DNA content significantly decreased with serial dilution of
NCCM-derived EVs, and unfractionated NCCM, but not with serial dilution of NCCM-derived
proteins. There was a significant correlation between the total number of EVs in the porcine
NCCM 100,000g EV UC pellets and the GAG (r:0.848, p<0.001) and GAG/DNA (r:0.490,
p<0.01) content of the canine micro-aggregates treated with these EVs (Figure 6).
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Figure 6. Pearson correlation between the total number of EVs (as determined by high-resolution flow
cytometry) in the sucrose fractions of the porcine notochordal cell-conditioned medium (NCCM)
extracellular vesicle (EV) pellets after size exclusion chromatography (SEC) and 100,000g ultracentrifugation
(UC) and the GAG (a) and GAG/DNA (b) content of canine CLC micro-aggregates treated with a serial dilution of
EVyc (NCCM-derived EVs obtained after SEC and subsequent 100,000g UC). n = 6 porcine NCCM donors tested
on a pool of 4 canine CLC donors. ** ***: significant correlation (p<0.01, p<0.001, respectively). GAG:
glycosaminoglycan.

Discussion

Porcine NCCM contained a considerable amount of EVs which exerted regenerative effects
on CLCs

Using SEC, differential UC, density gradient floatation, and quantitative high-resolution flow
cytometric analysis, this study is the first to demonstrate that porcine NCs secrete a
considerable amount of EVs. We furthermore demonstrate that these EVs have biologic
effects across species that suffer from clinical intervertebral disc disease. Notably, NCCM-
derived EVs induced GAG deposition in canine CLCs to a comparable level as NCCM-derived
soluble proteins and unfractionated NCCM. In contrast, NCCM-derived EVs increased the
DNA and GAG content of human CLC micro-aggregates to a similar level as NCCM-derived
proteins, but to a lesser extent than unfractionated NCCM. These species-dependent
differences could be explained by differences in culture period. Canine micro-aggregate
disintegration (in NCCM-derived media, but not in basal culture medium) prohibited a 21-
day culture. As such, the 7-day canine CLC culture may be too short to demonstrate the full
regenerative potential of NCCM. With serial dilution, NCCM-derived EVs and proteins lost
their regenerative effect on canine CLCs earlier than unfractionated NCCM. Taken together,
this may indicate that also in canine CLCs, unfractionated NCCM may have a stronger
regenerative potential than NCCM-derived EVs or proteins employed at the same
concentration. Based on their pronounced loss of biological activity with serial dilution
compared with unfractionated NCCM, the EVs may interact with proteins present in NCCM.
Notably, there were still some EVs present in the P UC pellets, which are probably smaller in
size given the SEC procedure. We cannot exclude that these EVs are another, possibly very
potent EV subset. They may, however, also be part of the size continuum of the functional
EVs (e.g. not another type, but only smaller EVs).
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Correlation between the number of EVs and their regenerative effect

In human CLCs, no linear correlation was found between the number of EVs (when applied
at a concentration as present in undiluted NCCM) and their regenerative effect. Previous
work could also not find an NCCM dose-dependent effect for neuronal inhibition?. In canine
CLCs, however, we found a moderate correlation between the number of EVs and the
micro-aggregates’ GAG/DNA content after 7-day EVqey treatment. These results can possibly
be explained by the difference in culture period between the two species. After 7 days,
canine CLCs were presumably in a dynamic phase of ECM production. After the 21-day
human culture, however, secreted GAGs have already been deposited and only show a
cumulative effect over time. Additionally, with serial dilution we found a significant positive
correlation between the number of EVs and the GAG content of the canine micro-
aggregates treated with these EVs. In conclusion, the results of this study may indicate that
EVs induce a dose-dependent regenerative effect. However, a maximal response may be
reached at an EV concentration as present in undiluted NCCM and/or after 21-day
treatment. It remains to be determined if the EV-mediated anabolic effect can be further
maximized with higher EV numbers.

Ultracentrifugation mildly affected the biological activity of EVs on human, but not on
canine CLCs

In the current study, the effect of 100,000g UC was compared with SEC-based EV
purification, since previous work indicated that UC may not fully preserve the EV biological
properties’” 3. In canine CLCs, 100,000g UC did not affect the biological activity of NC-
derived EVs. In contrast, in human CLCs, UC slightly reduced the biological effect of EVs,
since the DNA and GAG content of EVy-treated micro-aggregates was slightly higher than
those of EVyc-treated micro-aggregates. Altogether, we have indications that 100,000 UC
only mildly affected the biological activity of NCCM-derived EVs on CLCs from degenerated
IVDs. Interestingly, collagen type | deposition was similarly induced by all treatments and
collagen type Il was only mildly deposited in EVyc- and Pyc-treated micro-aggregates. To
explain the slight differences in deposited ECM, a comprehensive analysis of the different EV
preparations needs to be performed.

NC-derived EVs exert regenerative effects in the absence of GAGs

When EVs were purified with SEC alone, interfering ECM residues (GAGs and collagens)
were present. Affirmatively, previous work indicated that preparations obtained by limited
processing resulted in ECM-embedded EVs, whereas sequential UC removed this
contamination®®. EVs bind to ECM compartments such as GAGssS, coIIagens36' 37, and
hyaluronic acid*® using integrins and other cell surface receptors such as CD44. With UC,
interfering GAGs were lost from the preparations. Importantly, EVyc and Pyc devoid of GAGs
induced clear regenerative effects, indicating that the regenerative effects of NCCM-derived
media were not mediated by GAGs. This finding seems to be in contrast with the notion that
the NC-secreted GAG chondroitin sulphate is responsible for NCCM-induced neurite® and
angiogenesis® inhibition. However, it cannot be excluded that neuro- and angiogenesis are
differently regulated processes than ECM production.

ECM compartments may provide a favorable micro-environment for CLCs*. Unlike GAGs,

collagens were not lost with UC. For this reason, we could not determine whether NC-
secreted EVs/proteins or collagens were responsible for the regenerative effect induced by
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EVyc and Pyc. Collagen type | or Il are the most abundant collagen types in the AF and NP,
respectively’ **. When collagen type | and Il were supplemented at 0.5 mg/mL (a
concentration at which collagen is present in NCCM), they did not induce regenerative
effects in CLCs. This may suggest that the regenerative effects of EVyc and Pyc were not
caused by collagens, but by NC-secreted EVs and other proteins, respectively.
Supplementation of 2.0 mg/mL collagen type Il, but not collagen type |, induced GAG
deposition in canine CLCs. This is in accordance with previous work on human MSCs, in
which collagen type Il activated MAPK/ERK signalling and was involved in Smad signalling®”
42

Conclusions

In conclusion, porcine NCCM contained a considerable amount of EVs. These NC-derived EVs
exerted comparable anabolic effects as NCCM-derived proteins, while unfractionated NCCM
was more potent in human CLCs. The results of this study further imply that NCCM-derived
GAGs and collagens were not responsible for the observed EV-mediated effects. Thus, NC-
derived EVs have true regenerative potential. Based on their pronounced loss of biological
activity with serial dilution compared with unfractionated NCCM, the EVs may interact with
proteins present in NCCM. With a clinical directive in mind, the optimal combination of NC-
secreted factors and the role of the EV as carrier need to be determined to fully exploit the
regenerative potential of NC-derived treatment strategies. The next step would be to
identify the bioactive substances which are transported with the EVs and the subsets of EVs
that contain them. Thereafter, the (bioactive substances of the) EV subsets of interest could
be used in functional in vivo studies.
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Supplementary File 1. Detergent addition to and serial dilution of EV sucrose gradient
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Detergent addition to the sucrose gradient fraction with the highest number of measured events from the
porcine NCCM EV 100,000g ultracentrifugation pellet indicates that true EVs were detected with quantitative
EV analysis (high resolution flow cytometry). Additionally, serial dilution of this fraction indicates that no
swarm (coincident occurrence of multiple particles in the probe volume at the same time) was detected.
Graphs and dot plots are depicted from one representative donor. (a) Addition of detergents (0.1% Triton or
0.1% SDS), that disrupt the lipid bilayer of the EVs, to the sucrose gradient fraction with the highest number of
events (density 1.12 g/mL) reduced the event rate considerably, indicating that the measured events in this
density fraction were indeed EVs. Moreover, light scattering events disappeared in the dot plots of the fraction
treated with detergents. Dot plots represent levels of PKH67 intensity of side scatter (SSC) (y-axis) versus
reduced wide-angle forward scatter (rwFSC) (x-axis). (b) To demonstrate the absence of swarm, a serial
dilution on this sucrose gradient fraction (density 1.12 g/mL) was performed. A linear correlation (RZ: 0.9996)
was detected between the number of measured events and the dilution of this sucrose gradient fraction,
indicating that no swarm was detected. (c) The scatter pattern observed in the dot plots did not change with
the serial dilution, further indicating that swarm was absent. Dot plots represent levels of PKH67 intensity
(right) or side scatter (SCC; left) (y-axis) versus reduced wide-angle forward scatter (rw-FSC) (x-axis).
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Supplementary File 2. Number of measured events and dot plots of porcine NCCM
extracellular vesicle and protein 100,000g ultracentrifugation pellets
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Quantitative flow cytometric extracellular vesicle (EV) analysis of the 100,000g ultracentrifugation pellets from
all seven porcine notochordal cell-conditioned medium (NCCM) donors separately. High resolution flow
cytometry of the porcine NCCM 100,000g ultracentrifugation pellets indicates that all donors demonstrate a
similar pattern in number of measured events (EVs) per sucrose gradient fraction. Considerably more events
were measured in the EV than in the protein (P) 100,000g pellet in all donors. In most donors, the highest
number of measured events was present in the sucrose fraction with a density of 1.12 g/mL. Only the number
of measured events per sucrose fraction differed considerably between donors. (a-g) Left: The number of
measured events per sucrose gradient fraction (with different densities) from the porcine NCCM donors. Black
bar: number of measured events per 30 sec in the sucrose gradient fractions of the EV 100,000g
ultracentrifugation pellet. Grey bar: number of measured events per 30 sec in the sucrose gradient fractions of
the P 100,000g ultracentrifugation pellet. Right: Dot plots of the sucrose gradient fraction with the highest
number of measured events (density 1.12 g/mL) for most donors. Dot plots represent levels of PKH67 intensity
(left) or side scatter (SCC; right) (y-axis) versus reduced wide-angle forward scatter (rw-FSC) (x-axis). Upper
plots represent the 1.12 g/mL sucrose fraction of the EV 100,000g ultracentrifugation pellet, and lower plots
represent the 1.12 g/mL sucrose fraction of the P 100,000g ultracentrifugation pellet.
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Supplementary File 3. Protein measurements of the different size exclusion colums
fractions
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Per porcine donor, 3 mL of 10,000g NCCM supernatant was subjected to qEV size exclusion columns (iZON
Science; 1 mL/column). Three columns were used per donor (light-dark grey bars). Twenty-five fractions of 0.5
mL were collected per qEV size exclusion column and the respective protein concentration was determined
(Nanodrop 2000, A280). Based on expected EV sizes and measured protein content, the three fractions with
most EVs (between fraction 6 and 11; orange-red bars) and proteins (between fraction 18 and 24; light-dark
blue bars) were separately collected and pooled per donor.
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Supplementary File 4. Correlations between total number of measured events and the
GAG content of canine and human CLC micro-aggregates treated with EVs
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Pearson correlations between the total number of measured events in the sucrose fractions (1.06-1.18 g/mL)
of the extracellular vesicle (EV) gradients and the GAG(/DNA) content of the canine and human chondrocyte-
like cell (CLC) micro-aggregates treated with these EVs (after SEC (EVqe) and after SEC plus 100,000g
ultracentrifugation (EVyc)). Correlation between the total number of measured events and the GAG content of
the canine (a) and human (e) CLC micro-aggregates treated with EVy, the GAG content of the canine (b) and
human (f) CLC micro-aggregates treated with EV ¢, the GAG/DNA content of the canine (c) and human (g) CLC
micro-aggregates treated with EVgey, and the GAG/DNA content of the canine (d) and human (h) CLC micro-
aggregates treated with EVyc. The results indicate that there is no significant correlation between the number
of EVs and the GAG content of the canine and human CLC micro-aggregates treated with these EVs, except for
the significant positive correlation between the number of events and the GAG/DNA content of canine micro-
aggregates treated with EVs after qEV size exclusion. n=6 porcine NCCM donors tested on a pool of 4 canine
and 4 human CLC donors. *: significant correlation (p<0.05).
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Abstract

Because the socioeconomic burden of painful intervertebral disc (IVD) disease is high and
current treatments are only symptomatic, minimally invasive strategies that promote
biological IVD repair need to be developed. Notochordal cells (NCs) are replaced by
chondrocyte-like cells (CLCs) during IVD maturation and degeneration. The regenerative
potential of NC-secreted substances on CLCs and mesenchymal stromal cells (MSCs) has
already been demonstrated. However, these substances have been elusive to identify.
Alternatively, this study exploits the regenerative NC potential by using healthy NC-derived
matrix (NCM). The dog serves herein as translational model. NCM (produced from porcine
NC-rich tissue) induced anabolic, anti-catabolic, anti-apoptotic, and proliferative effects in
human and canine CLCs and facilitated chondrogenic differentiation of canine MSCs in vitro.
Based on these results, NCM, MSCs and NCM+MSCs were injected in mildly (spontaneously)
and moderately (induced) degenerated canine IVDs in vivo. Longitudinal quantitative
magnetic resonance imaging (MRI) was performed and after six months of treatment, the
IVDs were further analyzed. NCM injected in moderately (induced) degenerated canine IVDs
exerted beneficial effects at macroscopic and MRI level, induced healthy extracellular matrix
production, improved the disc height, and ameliorated local inflammation. MSCs exerted no
(additive) effects. In conclusion, NCM induced regenerative effects on degenerated IVDs.
NCM may, comparable to demineralized bone matrix in bone regeneration, serve as
‘instructive matrix’, e.g. by locally releasing growth factors and facilitating tissue repair.
Therefore, intradiscal NCM injection could be a promising regenerative treatment for IVD
disease, circumventing the cumbersome identification of bioactive NC-secreted substances.
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Introduction

Over 80% of the human population experiences low back pain (LBP) at least once in their
life, with severe socioeconomic consequences’. Degeneration of the intervertebral disc
(IVD) is a common cause of chronic LBP? Current treatments for LBP due to IVD
degeneration mainly aim at symptom reduction or IVD replacement and are not without
their inherent limitations. Therefore, LBP should be addressed at an earlier stage by
minimally invasive strategies that induce definitive long-term biological IVD repair.

The IVD transmits loads and provides flexibility to the spine. The healthy IVD consists of a
gelatinous nucleus pulposus (NP), surrounded by a fibrous annulus fibrosus (AF) and
cartilaginous end plates (EPs). During IVD degeneration, the glycosaminoglycan (GAG)
content of the NP decreases and collagen type Il is replaced by collagen type |, resulting in
more rigid NP tissue not able to sustain compressive loads anymore. Since the IVD cannot
adequately repair its matrix, a vicious circle develops in which the IVD weakens and is
damaged by physiologic loading®. During IVD maturation, a transition in NP cell phenotype
takes place from large, vacuolated notochordal cells (NCs) to smaller, non-vacuolated
chondrocyte-like cells (CLCs). NC loss in certain species (e.g. chondrodystrophic dogs)
coincides with the onset of degenerative IVD changes3. Moreover, the regenerative
potential of NCs has already been demonstrated on CLCs*®, mesenchymal stromal cells
(MSCs)7'9, and NP tissue explants10 in vitro, and in rat IVDs in vivo™. Altogether, this
indicates that NCs can play a role in maintaining healthy NP tissue. Therefore, NCs are a
promising target for regenerative and/or symptom modifying therapies for IVD disease.
Despite the current focus on the NC secretome’* ™3, we here take an alternative approach by
using unfractionated NC-derived matrix (NCM) from healthy, NC-rich NP tissue, to facilitate
fast translation into the clinics. NCM may act rather comparable to demineralized bone
matrix (DBM), which contains ECM and growth factor components native to bone and is
currently successfully employed in clinical practice to accelerate bone healing*®. Therefore,
the first aim of this study was to determine the (regenerative) effects of NCM on CLCs from
degenerated IVDs in vitro and injected NCM in degenerated IVDs in vivo. Since cell viability is
impaired in the degenerated IVD™, NCM alone may not be sufficient. In this respect,
intradiscal MSC transplantation is considered a promising regeneration strategy, currently
explored in clinical trials'®. Therefore, the second aim of this study was to determine the
effects of NCM combined with MSCs on degenerated canine IVDs in vivo. The dog served
herein as a translational model, since they experience LBP due to IVD degeneration with
similar characteristics as humans®.

Material and Methods

Overall study design

The first objective of this study was to determine the effect of NCM (produced from porcine
NC-rich tissue by lyophilization, pulverization, and resuspension at 10 mg/mL) on human
and canine CLCs in vitro. Porcine NCM was pooled (n=6) to assess the its effect on a
representative population of donor-specific (CLCs from) degenerated I1VDs. The second aim

111




Chapter 5

was to assess the effect of NCM in vivo on degenerated canine IVDs (n=6 Beagles, based on
power analysis with power: 85%, alpha: 0.8% and standard deviation 15-30%). Also, the
(additive) effect of MSCs was determined. We hypothesized that NCM would exert
regenerative effects on canine and human CLCs in vitro and degenerated canine IVDs in vivo
and that MSCs would have an additive effect. For the in vivo experiment, NCM, MSCs and
NCM+MSCs were intradiscally injected in mildly (spontaneously) and moderately (induced
by partial NP removal) degenerated canine 1VDs. Treatments were not randomized within
each dog to prevent interference of random effects from the spinal segment. After three
months, NCM was reinjected in two degenerated IVDs per dog to determine whether
multiple injections would exert a more beneficial effect. Longitudinal quantitative MRI was
performed and IVDs were macroscopically, histologically, and biochemically analyzed after
six months. Outliers were not excluded. The investigators who assessed, measured, or
guantified the results were blinded to the intervention.

Generation of NCM

Thompson score |, healthy IVD tissue was collected from complete spines of six 3-month-old
porcine donors from the slaughterhouse in accordance with local regulations (permit
457642.09). To produce NCM, NP tissue was lyophilized overnight, pulverized to fine
powder using a microdismembrator (Sartorius) and resuspended at 10 mg/mL in
hgDMEM+Glutamax (31966, Invitrogen). For in vitro studies, NCM was supplemented with
1% P/S (P11-010, GE Healthcare Life Sciences), 1% ITS+ premix (354352, Corning Life
Sciences), 0.04 mg/mL L-proline (P5607, Sigma-Aldrich), 0.1 mM Ascorbic acid 2-phosphate
(Asap; A8960, Sigma-Aldrich), and 1.25 mg/mL Bovine Serum Albumin (BSA; A9418, Sigma-
Aldrich).

The effect of NCM on canine and human CLCs and MSCs in vitro

IVDs from complete spines were collected from six Beagles (2-7 years of age, 3 male/3
female, Thompson score Ill) euthanized in unrelated research studies (approved by the
Utrecht University Animal Ethics Committee, experimental numbers: 2012.111.07.065,
2013.111.02.017, and 2013.11.12.126). Additionally, IVDs from six human donors (47-72 years
of age, 3 male/3 female, Thompson score |ll) were obtained during standard postmortem
diagnostics (<48 hours after death). The L2-L5 part of the spine was collected, approved by
the scientific committee of the Pathology department of the University Medical Centre
Utrecht (UMCU). Anonymous use of redundant tissue for research purposes is a standard
agreement with UMCU patients (Local Medical Ethical Committee number 12-364). The IVDs
were used according to the code ‘Proper Secondary Use of Human Tissue’, installed by the
Federation of Biomedical Scientific Societies. The NP was collected by precise separation
from AF and EPs and digested®.

Canine and human CLCs were expanded4 at 5% 0,, 5% CO,, 37°C until passage 2.
Additionally, bone marrow-derived MSCs from three canine donors (two 4-month old
Labrador Retrievers, one 3-year old Beagle, male) were isolated, expanded, and
characterized®. Micro-aggregates of 35,000 CLCs or MSCs were formed®. Briefly, CLCs/MSCs
were plated in low-adherence cell-repellent surface 96-well plates (650970, CELLSTAR®
Greiner Bio-one) in 50 pL basal culture medium (hgDMEM+Glutamax with 1 % P/S, 1% ITS+
premix, 0.04 mg/mL L-proline, 0.1 mM Asap, 1.25 mg/mL BSA). CLC micro-aggregates (n=6,
in duplicates) were cultured in basal medium for (negative) control micro-aggregates,
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supplemented with 10 ng/mL human recombinant TGF-B; (240-B, R&D Systems) as positive
control, or 10 mg/mL NCM. MSC micro-aggregates (n=3, in duplicates) were cultured in (a)
basal culture medium supplemented with 0.1 uM dexamethasone (D8893, Sigma Aldrich)
(control), (b) control culture medium supplemented with 10 ng/mL TGF-B4, (c) 10 mg/mL
NCM, or (d) 10 mg/mL NCM supplemented with 10 ng/mL TGF-B;. Micro-aggregates were
cultured for 28 days at 5% O,, 5% CO,, 37°C. Culture medium was changed twice weekly.

Gene expression profiling (RT-qPCR) was performed at day 7 (Supplementary File 1a), the
DNA (dsDNA High Sensitivity Assay Kit, Invitrogen) and GAG content (DMMB assay*') were
determined at day 28, and Safranin O/Fast Green staining and immunohistochemistry for
collagen type I, II, and X were performed at day 28 (n=6, in duplicates)®. Sulphate
incorporation (measure for proteoglycan synthesis rate) was determined during the last 4
hours of a 7-day culture period** (Supplementary File 1b).

Experimental setup of the in vivo study

Procedures were approved and conducted in accordance Animal Experiments Committee
guidelines (project number: AVD108002015285), required by Dutch regulation. Six intact
female Beagles (14 months of age, weight 10-11 kg) were purchased from Marshall
BioResources. Bone marrow-derived MSCs were obtained from one 3-year old male canine
donor (Beagle, similar donor as used in in vitro experiment) to enable tracking of male DNA
(MSCs) in female IVDs.

The effect of NCM, MSCs and a combined treatment of NCM+MSCs was tested on mildly
and moderately degenerated canine IVDs (Supplementary File 1c). Six weeks before the
intradiscal injections (T=-1.5 months), dogs underwent clinical examination. Additionally,
more severe (moderate) IVD degeneration was induced in five IVDs per dog by a board-
certified veterinary surgeon via partial NP removal (NX) on the left side of the spine. At T=0
months, MRI analysis was performed to determine the degree of IVD degeneration.
Thereafter, the IVDs in which no NX was performed (noNX-IVDs; five per dog) and the IVDs
in which NX was performed (NX-IVDs; five per dog) were either not injected (control) or
injected on the right side of the spine with 50 uL of (a) 1x10° MSCs in a canine albumin-
hyaluronan hydrogel® (b) 10 mg/mL NCM, or (c) 1x10° MSCs suspended in 10 mg/mL NCM.
At T=3 months, MRI analysis was performed and two IVDs per dog (L6-L7 (noNX-IVD) and L7-
S1 (NX-IVD), which previously received 50 uL NCM) were reinjected with 50 uL of 10 mg/mL
NCM, to test whether a better effect could be achieved with multiple injections. At T=6
months, MRl and CT analysis were performed, the dogs were euthanized, and the IVDs were
collected. One dog died at T=0 months during the first injection (cause of death unrelated
with treatment). This dog was used to determine baseline degree of induced IVD
degeneration and confirm the presence of transplanted MSCs.

Induction of IVD degeneration

Anesthesia and analgesia protocols are described in Supplementary File 1d. IVD
degeneration was induced either by a left lateral (T11-T12 until L5-L6) or a dorsal (L6-L7 and
L7-S1, assisted by mini-laminectomy) nuclectomy under fluoroscopic guidance. A 2 mm slit
was made in the AF with a Beaver knife 65 and NP tissue was collected using a 1 mm ball-
tipped probe, and fixed in 4% neutral buffered formaldehyde. Five um paraffin sections
were stained with Hematoxylin (109249, Merck)/Eosin (115935, Merck) and Picrosirius Red
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(saturated aqueous picric acid: P6744, Sigma-Aldrich; sirius red: 365548, Sigma-
Aldrich)/Alcian Blue (A5268, Sigma-Aldrich)**.

Preparation of MSCs for in vivo application

Chondrogenic (Safranin O/Fast Green), adipogenic (Oil-Red-0), osteogenic (Alizarin Red S
staining) differentiation and FACS analysis for positive (CD29 (303004, Biolegend), CD90
(12590042, Thermofisher scientific), CD105 (bs-4609R, Bioss antibodies)) and negative
(CD34 (559369, BD Pharmingen), CD45 (LS-C127720-100, LifeSpan BioSciences)) MSC
markers* % was performed*®. MSCs from the Beagle donor were expanded until passage 1
and incorporated in (a) albumin-hyaluronan hydrogels (20x10° MSCs/mL hydrogel) or (b) 10
mg/mL NCM (20x106 MSCs/mL NCM) directly prior to injection. The hydrogels were
composed of chemically activated canine albumin (Animal Blood Resources International),
bisthio-polyethylene glycol, and hyaluronic acid.

Intradiscal injections

Intradiscal injections of T12-13 until L5-L6 were performed from the right side with 25G
needles (Epican, 4502400, B.Braun). The L6-L7 and L7-S1 IVDs were percutaneously
approached dorsally with 19G needles (301750, BD Microlance) that guided the 25G needles
into the NP under fluoroscopic guidance (Supplementary File 2G-H).

MRI and CT

Details for the Magnetic Resonance images (MRI) and Computed tomography (CT) analysis
are given in Supplementary File 1e. MRI T2 mapping and T1lp values were computed by
voxelwise fitting. The mean signal intensity in each region of interest was calculated using
the Levenberg-Marquardt nonlinear least-squares method®’. MRI images were blindly
evaluated by two independent investigators (FB, MB; Pfirrmann score)zo. The Pfirrmann, and
Tlp and T2 mapping inter- and intra-observer reliability was excellent (intra-class
correlation>0.95)*. Disc height index was calculated on T2W images according to Masuda et
al®.

Sample collection, macroscopic and histopathological grading

Details for samples collection are provided in Supplementary File 1f. IVD images were
blindly evaluated by two independent investigators (FB, AT; Thompson score)™. Inter-
observer reliability was excellent (intra-class correlation: 0.85)*. Five um sections were
stained with H/E and Picrosirius Red/Alcian Blue and blindly histologically evaluated (Boos
score)?’. Immunohistochemistry for collagen type I, II, and X* and COX-2*° were performed.
For COX-2, (positively stained) cell numbers in four randomly selected NP areas per IVD
section were manually counted (Adobe Photoshop CC). The mean percentage of
immunopositive cells was calculated.

Gene expression profiling and biochemical analysis

Details on RNA isolation, cDNA synthesis, and RT-qPCR are provided in Supplementary File
1g. To determine the GAG and DNA content, the NP and AF samples were homogenized in
complete lysis buffer using TissueLyser Il (Qiagen) for 4 minutes at 20 Hz. PGE2 levels were
determined in the supernatant using a colorimetric competitive enzyme immunoassay kit
(PGE2 high sensitivity EIA kit, ENZO Life Sciences)®®. The DNA and GAG content were
measured in papain-digested supernatant and pellet*’. A hydroxyproline assay>’ was used to
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determine the samples collagen content®’. MSC fate was determined by SRY:GAPDH PCR on
genomic DNA isolated from papain-digested sample®2.

Statistical analyses

Statistical analyses were performed using IBM SPSS Statistics 24 and R studio. The Shapiro
Wilks test was used to examine the data for normal distribution. Non-parametric data were
converted to normally distributed data (log transformation) when possible. Two-sided
testing was performed. To correct for multiple comparisons, Benjamini & Hochberg False
Discovery Rate post-hoc tests were performed. For in vitro experiments, normally
distributed data were examined using general linear regression models based on ANOVAs,
whereas non-normally distributed data were subjected to Kruskal Wallis and Mann-Whitney
U tests. For in vivo experiments, a randomized block design ANOVA was used for normally
distributed data (DNA, GAG, collagen, PGE2 content). For DHI, quantitative T1p and T2
mapping, and RT-qPCR data, Cox proportional hazard tests were performed (random effect:
donor). For Boos, Thompson, and Pfirrmann data analysis, Mann-Whitney Wilcoxon tests
were performed. Because of the small in vivo sample size, for all comparisons with
0.05>p<0.20, effect sizes (ES; Hedge’s g for normally distributed data, Cliff’s delta for non-
parametric data) were determined and classified> >*. p-values <0.05 were considered
significant. Medium-very large effect sizes (Hedge’s g 20.5, Cliff’s delta >0.28) were
considered relevant.

Results

NCM increased DNA content, GAG and collagen deposition in CLC micro-aggregates in
vitro

NCM increased the canine and human micro-aggregates’ DNA content (p<0.05, Figure 1a-b),
presumably by stimulating cell proliferation and inhibiting apoptosis, since it induced CCND1
(cell proliferation marker) and reduced CASP3 (apoptosis marker) mRNA expression in
canine CLCs (p<0.05), and tended to do the same in human CLCs (p<0.1) (Supplementary File
3a-d).

NCM increased the GAG and GAG/DNA content of canine and human micro-aggregates after
28 days (p<0.05, Figure 1c-f). Since ACAN expression was not increased by 7-day NCM
treatment (Supplementary File 4a-b), we hypothesized that GAGs were incorporated from
GAG-rich NCM. Affirmatively, the **S0,* incorporation assay demonstrated that NCM-
treated human CLCs synthesized less proteoglycans (p<0.001; Figure 1h), indicating GAG
incorporation from NCM. In contrast, NCM induced proteoglycan synthesis in canine CLCs
(p<0.01, Figure 1g), indicating that they also synthesized GAGs themselves.
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Figure 1. NCM increases the DNA and glycosaminoglycan (GAG) content of chondrocyte-like cell (CLC) micro-
aggregates. Average of two samples per donor with depicted mean values. CLCs were cultured in basal culture
medium (control), supplemented with 10 ng/mL TGF-B;, or 10 mg/mL NCM for 28 days. $50,” incorporation
(proteoglycan (PG) synthesis rate) was determined at day 7. *** ***. p<0.05, p<0.01, and p<0.001,
respectively, versus all other conditions; #: p<0.05 for indicated conditions; n=6 in duplicates.
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Although COL1A1 and COL2A1 expression was not increased by 7-day NCM treatment
(Supplementary File 4c-f), collagen type | and Il deposition appeared increased in 28-day
NCM-treated CLC micro-aggregates (Figure 2). Furthermore, NCM decreased SOX9
(chondrogenic differentiation marker) expression in canine CLCs, but increased this in
human CLCs (p<0.05) (Supplementary File 4g-h). MMP13 was not differentially expressed in
human CLCs, but was downregulated in canine NCM-treated CLCs (p<0.05; Supplementary
File 3g-h), suggesting an anti-catabolic effect. Lastly, collagen type X (hypertrophy marker)
was not observed (Figure 2). Altogether, NCM induced healthy, GAG and collagen type II-
rich matrix deposition in CLCs in vitro. Discrepancies between mRNA and protein expression
may be due to timing differences (7 versus 28 days).

Control  TGF-1

TGF-B1

Collagen X Collagen |l Collagenl Safranin O Safranin O

>
o]

Figure 2. NCM induces extracellular matrix deposition by chondrocyte-like cells (CLCs). Safranin O/Fast Green
staining and collagen type |, I, and X immunohistochemistry of canine (a) and human (b) CLC micro-aggregates
cultured in basal culture medium (control), supplemented with 10 ng/mL TGF-B,, and 10 mg/mL NCM for 28
days. n=6 in duplicates.

NCM supports MSC chondrogenesis in vitro

The effect of NCM was tested on MSCs from three canine donors. Positive control treatment
(TGF-B4) increased the GAG and GAG/DNA content of MSC micro-aggregates versus controls
(p<0.05, Figure 3b-d). The DNA and GAG content of NCM-treated micro-aggregates (with
and without TGF-B;) was higher versus TGF-B;-treated micro-aggregates (p<0.05). The
GAG/DNA content of micro-aggregates treated with TGF-B;, NCM, and NCM+TGF-B; was
increased versus controls (p<0.05), with no differences between conditions (Figure 3c).
Additionally, TGF-B;, NCM, and NCM+TGF-B; induced collagen type | and Il deposition,
whereas collagen type X was not deposited (Figure 3d). Lastly, NCM-treated micro-
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aggregates contained phenotypically chondrocyte-like cells. Altogether, NCM supported
chondrogenesis of canine MSCs in vitro.
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Figure 3. NCM facilitates chondrogenic differentiation of canine MSCs. MSCs were cultured in control culture
medium, supplemented with 10 ng/mL TGF-B;, 10 mg/mL NCM, or NCM + TGF-B; for 28 days. (D) Safranin
O/Fast Green staining and collagen type |, Il, and X immunohistochemistry at day 28. * ***: p<0.05, p<0.001,
respectively, versus controls; #,##: p<0.05 and p<0.01, respectively, for indicated conditions; n=3 in duplicates;
mean values are given.

118



Notochordal cell-derived matrix

MSC characterization

To demonstrate that bone marrow-derived stromal cells from the male Beagle donor
injected in the female Beagle IVDs met requirements to be defined as MSCs, multilineage
differentiation and FACS analysis was performed?’. Chondrogenic, osteogenic, and
adipogenic differentiation were successfully induced, and cells were CD34°, CD45", CD29"
and CD90" (Supplementary File 5). Only 4.4% of cells were CD105", possibly explained by low
cross-species reactivity of anti-human CD105 used due to unavailability of commercial anti-
canine CD105". Altogether, the results confirm the presence of MSCs in the injected cells.

Induction of IVD degeneration in vivo

To enable studying the effect of the treatments on mildly, and also on more severely
degenerated IVDs, six weeks before the start of the experiment (T=-1.5 months), moderate
IVD degeneration was induced by partial NP removal (NX) in five IVDs per Beagle dog (NX-
IVDs; Supplementary File 2a-b). Six weeks later (T=0 months), the noNX-IVDs (IVDs in which
no NX was performed) and the NX-IVDs were either not injected (controls) or injected with
NCM, MSCs, or NCM+MSCs (Supplementary File 2g-h). At T=3 months, two NCM-treated
IVDs per dog received an additional NCM injection. One Beagle died unexpectedly at T=0
(cause of death unrelated to treatment) and the IVDs of this dog were used as baseline
values for moderate (induced) IVD degeneration. The AF appeared not affected by induction
of moderate IVD degeneration (Supplementary File 2d, i-m). In contrast, NPs of NX-IVDs in
comparison with NPs of noNX-IVDs showed macroscopically a brown discoloration
(Supplementary File 2d), histologically less intense Alcian blue (GAG) and more intense
Picrosirius Red (collagen) staining (Supplementary File 2e-f), and biochemically a decreased
GAG and GAG/DNA content (p<0.05; Supplementary File 2i, k), indicating that degeneration
was successfully modified from mild (spontaneous) to moderate (induced) IVD
degeneration.

Lastly, two IVDs of this female dog were injected with male MSCs (Th12-13 (NX) and Th13-L1
(noNX); Supplementary File 2n), and SRY DNA could be detected, indicating that MSCs were
properly injected and could be tracked.

The effect of NCM on degenerated canine IVDs in vivo

At T=6 months, the effect of the different treatments (control, 1XxNCM, NCM reinjection
after three months (2xNCM), MSC, NCM+MSC) on mildly and moderately degenerated
canine IVDs was determined using macroscopic, radiologic, histologic and biochemical
analysis. First, the IVDs were scored according to macroscopic Thompson19 and MRI-based
Pfirrmann®® grading validated for dogs. At T=6 months, control NX-IVDs had a higher
Thompson and Pfirrmann score than control noNX-IVDs (p=0.08 with large effect size (ES)
and p<0.01, respectively; Figure 4a-b), indicating that more severe IVD degeneration was
induced with NX. The Thompson and Pfirrmann score of noNX-IVDs did not improve by any
treatment. In contrast, 2xNCM-treated NX-IVDs showed a lower Thompson and Pfirrmann
score than control NX-IVDs (p=0.08 and 0.15, large ES) and did not differ from control noNX-
IVDs. In line with this, all NX-IVD NPs showed a brown discoloration (compatible with IVD
degeneration), except 2xNCM-treated IVDs (Figure 4c). Altogether, 2xNCM improved the
Thompson and Pfirrmann score of moderately degenerated IVDs.
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The Disc Height Index (DHI) did not significantly change from T=0 until T=6 months in
control-, 1XNCM-, MSC- and NCM+MSC-treated noNX-IVDs, but increased in time by 2xNCM
(p=0.14, large ES; Figure 4d). In control NX-1VDs, the DHI did not considerably change from
T=0-6 months. In IXNCM-, 2xNCM- and NCM+MSC-treated, but not MSC-treated NX-IVDs,
the increase in DHI was higher versus control NX- and noNX-IVDs (p=0.06-0.09, large ES),
indicating an NCM specific effect.

T1p and T2 MRI values were employed for quantitative MRI analysis. T1p values did not
significantly change in time, regardless the condition (data not shown). T2 values were not
different between T=0 and T=6 months in noNX-IVDs (Figure 4e). In all NX-IVDs, T2 values
decreased in time versus control noNX-IVDs (p<0.05, or p=0.05-0.08 with large ES).
Altogether, induction of degeneration reduced T2 values, but no treatment was able to
increase T2 values.

Lastly, the presence and progression of Modic Changes (MCs), periosteal bone formation,
ventral spondylosis and EP lysis was recorded (Supplementary File 6). In noNX-IVDs, no
treatment induced MCs or EP lysis. Periosteal bone formation and mild ventral spondylosis
was observed in three 1xNCM-treated noNX-IVDs, and two NCM+MSC-treated noNX-I1VDs,
but not in control, MSC- or 2xNCM-tretaed noNX-IVDs. Lastly, the NX procedure induced all
parameters, while 2xNCM did not induce any of the parameters in NX-IVDs.

For histological analysis, all IVDs were scored (Boos grading validated for dogs®'). At T=6
months, the total Boos score increased in control NX-IVDs versus control noNX-IVDs
(p<0.05; Figure 5c), indicating that moderate IVD degeneration was induced. Only 2xNCM
improved the Boos score compared with control NX-IVDs (p=0.18, medium ES) and was
comparable to control noNX-IVDs. Boos score subcriteria indicated no differences between
conditions for AF morphology, CLC morphology and proliferation in the NP, presence of NCs,
matrix staining of the NP, and new bone formation (Figure 5a, b, d). The histologic score for
chondrocyte metaplasia and tear and cleft formation in the AF (data not shown) and EP
morphology (irregularity, thickness; Figure 5e) of control NX-IVDs was increased versus
control noNX-1VDs (p=0.12-0.16, medium-large ES). Additionally, subchondral bone sclerosis
was increased in control NX-IVDs versus control noNX-IVDs (p<0.05; Figure 5f). In NX-IVDs,
2xNCM improved EP morphology and subchondral bone sclerosis score versus controls
(p=0.18, medium ES). Taken together, EP irregularity and bone sclerosis was induced by NX,
while 2xNCM inhibited these pathological processes.
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Figure 4. NCM improves the macroscopic Thompson score and radiologic parameters of degenerated
intervertebral discs. Median (Thompson, Pfirrmann) and mean (Disc Height Index (DHI), T2 values) values are
indicated. Change in DHI and T2 mapping values were calculated at individual IVD level. NX: partial NP removal
to induce moderate IVD degeneration. *,**: p<0.05, p<0.01, respectively versus control noNX-IVDs; #: p=0.05-
0.15, large effect size, versus control noNX-VDs; $: p=0.05-0.15, large effect size, between indicated condition;
n=5.
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Figure 5. NCM improves intervertebral disc histology. H&E and Picrosirius Red-Alcian Blue (blue:
glycosaminoglycan, red: collagen - arrowheads) staining of canine NP tissue. NX: partial NP removal to induce
moderate IVD degeneration. n.s.: not significant; *: p<0.05 between indicated conditions; $: p=0.05-0.18 with
medium-large effect size; n=5. Median values are indicated.
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At T=6 months, the DNA content of the NP and AF tissue did not significantly differ,
regardless the treatment and induction of degeneration (Figure 6a-b). SRY DNA was
undetectable in the female IVDs in which male MSCs were injected, indicating that the male
MSCs had not survived.

The NP and AF GAG content was not different between noNX-IVDs and NX-IVDs at T=6
months (Figure 6c-d), but was significantly lower in NPs from NX-IVDs versus NPs from
noNX-IVDs (p<0.05, Supplementary File 2i, k) at T=0 months (six weeks after NX). Thus, the
decreased GAG content of NPs from IVDs in which moderate degeneration was induced
(observed at T=0 months) recovered to baseline levels at T=6 months, suggesting an
attempt at repair. This repair was further augmented by NCM. At T=6 months, 1xNCM
increased the NP GAG content in noNX-IVDs versus control- and MSC-treated noNX-IVDs
(p<0.05). Also NCM+MSC treatment increased the NP GAG content versus control noNX-
IVDs (p=0.07 with large ES). Moreover, in NX-IVDs, MSC and 2xNCM treatment significantly
decreased the AF GAG content compared with noNX-control IVDs (p<0.05), indicating less
degeneration.

The collagen content of control NX-IVDs was higher versus control noNX-IVDs (NP: p<0.05,
AF: p<0.01), indicating that collagen deposition increased with degeneration (Figure 6e-f). In
noNX-IVDs, 1XNCM increased the NP collagen content versus control and 2xNCM (p<0.05).
Additionally, 1xNCM, 2xNCM, and NCM+MSC increased the AF collagen content versus
controls in noNX-IVDs. In NX-IVDs, 2xNCM increased the NP collagen content versus control,
MSC, and MSC+NCM (p<0.05). Lastly, the AF collagen content was reduced by all treatments
versus controls in NX-IVDs (p<0.05). To determine the types of collagen that were
deposited, immunohistochemistry was performed. Collagen type | was present in the AF
(not differentially expressed), but not in the NP (Figure 7), suggesting the absence of NP
fibrosis. Collagen type Il was present in all NPs (Figure 7). In noNX-IVD NPs, collagen type |l
was most abundantly present after 1XNCM treatment, while in NX-IVD NPs it was most
abundantly deposited by 1XxXNCM and 2xNCM. Collagen type X was undetectable regardless
the treatment (Figure 7), indicating absent hypertrophic differentiation.

Altogether, NCM induced healthy, collagen type llI-rich matrix in vivo. NCM is enriched in
collagen and GAGs. Injection of 50 pL of 10 mg/mL NCM (containing both 5 mg/mL GAGs
and collagen) would contribute to 0.25 mg GAG and collagen per treated IVD. While 2xNCM
increased the NP collagen content, it did not augment the NP GAG content of NX-IVDs. Since
GAGs attract water and the biochemical data were corrected for wet weight, we possibly
missed the presence of an increased GAG content (per mg dry weight).
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Figure 6. The effect of NCM on the DNA, GAG, and total collagen content of the nucleus pulposus (NP) and
annulus fibrosus (AF). Mean values are indicated. NX: partial NP removal to induce moderate IVD
degeneration. n.s.: not significant; *,**: p<0.05, p<0.01, respectively, between indicated conditions; $: p=0.07,

large effect size; n=5.
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Figure 7. NCM stimulates healthy collagen type II, but no collagen type | or X deposition in the canine
nucleus pulposus in vivo. NX: partial NP removal to induce moderate IVD degeneration. n=5.

At T=6 months, no differences in NP mRNA expression were established between
conditions for ECM-related genes SOX9, ACAN, COL1A1, COLX, ADAMTS5 and MMP13 (data
not shown). COL2A1 mRNA expression was, however, increased in all NX-IVDs versus control
noNX-IVDs (p<0.05 or p=0.07 with large ES; Supplementary File 7a). In NX-IVDs, 2xNCM
increased COL2A1 expression versus all other treatments (0.052p<0.17, medium ES). TIMP
expression was increased in NX-IVDs treated with 1XxNCM, 2xNCM, MSCs and NCM+MSCs
versus control noNX-IVDs (p<0.05, or p=0.14 with medium ES; Supplementary File 7b).
Altogether, NCM induced an anabolic effect by increasing the expression of anti-catabolic
gene and by inducing COL2A1 mRNA. The latter is in line with the augmented collagen type
Il deposition (IHC). Expression of the cell proliferation- and apoptosis-related genes CCND1,
CASP3, BCL2, and BAX was not different between conditions (data not shown). Regarding
NP-specific markers, 2xNCM induced KRT18 and KRT19 expression in mildly degenerated
IVDs, and reduced their expression in moderately degenerated IVDs (p=0.01-0.10, medium-
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large ES; Supplementary File 7c-d). PAI1 expression was induced by 2xNCM in NX-IVDs
(p<0.05; Supplementary File 7e), suggesting increased TGF-B signaling at mRNA level.
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Figure 8. NCM ameliorates inflammation in canine IVDs in vivo. COX-2 positive CLCs in canine NP tissue are
indicated with arrowheads. Relative /L168 and TNFa expression (control noNX-IVDs were set at 1), and
prostaglandin E2 content of canine IVDs at T=6 months are given with indicated mean values. NP: nucleus
pulposus. AF: Annulus fibrosus. NX: partial NP removal to induce moderate IVD degeneration. *: p<0.05
between indicated conditions; #: different from control noNX-IVDs (0.052p<0.20, medium/large ES); S:
difference between indicated conditions with medium/large effect size (0.052p<0.20); @: different from all
other conditions in which NX was performed (p<0.05 or p<0.1 with large effect size, n=5).
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To determine the treatment effect on inflammation, cycloxygenase-2 (COX-2) IHC and RT-
gPCR were performed, and the prostaglandin E2 (PGE2) content of the IVD tissues was
determined. COX-2 immunopositivity was present in every NP and AF (Figure 8a). On
average, 7-20% of canine CLCs expressed cytoplasmic COX-2, with no differences between
conditions (data not shown). /L18 and TNFa (pro-inflammatory cytokines) expression was
not different between control noNX- and NX-IVDs (Figure 8b-c). In NX-IVDs, however,
2XNCM reduced /L18 and TNFa expression (p=0.09 and 0.11, medium ES). Control NX-1VDs
showed a higher PGE2 content than control noNX-IVDs (NP: p<0.05, AF: p=0.06, very large
ES; Figure 8d-e), indicating that PGE2 levels (indicative of increased COX-2 activity) increased
with degeneration. In line with RT-qPCR results, 2xNCM decreased the NP and AF PGE2
content in NX-1VDs (p<0.05, large effect size). Altogether, NCM ameliorated inflammation in
moderately degenerated IVDs.

Discussion

The spine field has already demonstrated the regenerative potential of NCs*™. The present
study demonstrates that by employing healthy NC-derived NP tissue matrix, we can harness
the NC regenerative potential and exploit it for biological IVD repair. As a first step towards
bench-to-bedside translation, we demonstrate that NCM exerted regenerative effects on
canine and human CLCs from degenerated IVDs in vitro and on canine IVDs in vivo by
inducing anabolic effects and ameliorating inflammation. The question arises how NCM
exerts its anabolic effects. It may serve as ‘instructive matrix’, locally increasing growth
factor concentrations and promoting their biological activityzz. In this respect, NCM may be
comparable to demineralized bone matrix, which is successfully employed in clinical
practice. DBM induces bone regeneration by providing a degradable matrix that facilitates
the release and modulates the accessibility of growth factors normally present in bone'”.
Increased PAI1 (TGF-B pathway target gene) expression in 2xNCM-treated IVDs indicate
augmented Smad signalling. The exact mechanism of action of NCM remains elusive and is
most probably a combination of bioactive factors retained within NCM and ECM molecules
modulating their activity®.

MSCs do not exert distinct effects in the degenerated canine IVD in vivo

Intradiscal allogeneic MSC delivery is considered a promising IVD regeneration strategy.
MSC transplantation was not accompanied by osteophyte formation (a possible
complication?*), most probably because a polymerized hydrogel, which prevents leakage,
was used as carrier. Although we detected male DNA (MSCs) in the female IVDs immediately
after intradiscal injection, male DNA was undetectable after six months. This result contrasts
with previous Beagle studies, in which autologous transplanted MSCs could be traced back
up to 12 months and exerted beneficial effects™?. This contradiction, however, needs to be
cautiously interpreted since only one quart of IVD tissue was available for SRY analysis,
resulting into limited sensitivity (detection limit: 25,000 MSCs/sample). Transplanted MSCs,
capable of multilineage differentiation in vitro, did not exert beneficial effects in vivo, alone
or combined with NCM. MSC populations are known to exhibit considerable donor-to-donor
and intra-population heterogeneity®®, and in the harsh environment of the degenerated IVD,
this could have contributed to the lack of effect.
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Intradiscally applied NCM has a regenerative effect on degenerated canine IVDs

The present study demonstrates that NCM exerted regenerative effects on MSCs and CLCs
derived from degenerated IVDs in vitro. Although canine CLCs seemed to be more
responsive to NCM than human CLCs, NCM exerted an anabolic, anti-apoptotic, and
proliferative effect in both species, in line with previous work on decellularized bovine NP
ECM°.

Based on these promising results, an in vivo study was performed. In mildly degenerated
IVDs, NCM upregulated mRNA expression of NP-specific markers, augmented the NP GAG
and collagen content, and hence seemed to favor IVD health. Notably, in moderately
degenerated NX-IVDs, NCM-mediated effects were more pronounced. Mainly 2xNCM
exerted beneficial effects on the NPs from NX-IVDs: the macroscopic Thompson, histologic
Boos (total, EP morphology, and subchondral bone sclerosis score) and MRI-based
Pfirrmann score were improved. Additionally, the DHI of 1XNCM-, 2x NCM- and NCM+MSC-
treated NX-IVDs increased during the study. Given that MSC injection alone was not able to
increase the DHI, this beneficial effect was presumably NCM-specific. Since 2xNCM induced
collagen type Il, but no collagen type | and X expression, healthy NP-like ECM, but no fibrotic
or hypertrophic ECM** 3" was deposited. Lastly, 2xNCM was able to exert protective effects
on the L7-S1 IVD, a junction that permits the highest range of motion®? and predisposes this
IVD to a high degree of wear and tear. Altogether, these findings imply an NCM-dependent
regenerative response, resulting in beneficial quantitative and qualitative ECM changes.

Quantitative T1p and T2 mapping did not detect NCM-mediated effects

In contrast with other readout parameters, Tlp and T2 mapping did not detect NCM-
mediated regenerative effects. T1p is sensitive for interactions between macromolecules
(e.g. GAGs) and water®, while T2 mapping provides information regarding water content,
collagen orientation and ECM structure®*. Noteworthy, both techniques have been
specifically validated for IVD degeneration, but not for regeneration, which does not
necessarily follow an identical reverse process. For example, the NP collagen content was
increased in 2xNCM-treated NX-IVDs versus control NX-IVDs, but T2 values were not
different between those conditions. Furthermore, while the collagen and GAG content was
not different between control noNX-IVD and NX-IVD NPs, T2 values were lower in the latter,
probably due to structural changes related to degeneration35.

NCM exerts anti-inflammatory effects in degenerated canine IVDs

Besides beneficial effects on macroscopic, radiologic, biochemical, and histological level,
NCM also exerted anti-inflammatory effects on degenerated IVDs in vivo. The PGE2-
producing enzyme COX-2 was uniformly present in NPs, implying local PGE2 synthesis. PGE2
levels were, however, decreased by 2xNCM in NX-IVD NPs, indicating that 2xNCM decreased
COX-2 activity and inhibited inflammation. In line with this, all NX-IVD NPs, except 2xNCM-
treated NPs, showed a brown discoloration. This brown color was presumably caused by
accumulation of advanced glycation end products (AGEs). AGEs are formed through non-
enzymatic glycation of amino residues and oxidation of fatty acids during IVD
degeneration®® ¥’ and can act as pro-inflammatory mediator®®. Altogether, 2xNCM may
prevent AGE accumulation in degenerated IVDs, thereby exerting an anti-inflammatory
effect. This hypothesis is confirmed by the decreased PGE2 content and downregulated /L18
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and TNFa expression in 2xNCM-treated NX-IVDs. These anti-inflammatory NC properties
have already been demonstrated previously*°.

Limitations and future directions

The present study demonstrates that 10 mg/mL NCM exerted beneficial effects on canine
and human CLCs from degenerated IVDs in vitro and degenerated Beagle IVDs in vivo. Given
that 0.5 mg NCM/IVD exerted beneficial effects, it is tempting to hypothesize that higher
NCM dosages may further improve the regenerative and anti-inflammatory effects. After
fine-tuning the dose-dependent efficacy of NCM, follow-up studies should look into the
application of NCM in hydrogel form, which reduces the risk of leakage after intradiscal
injection. Furthermore, for safe (veterinary and human) clinical application, removal of
nucleic acid from NCM should be achieved with preservation of bioactivity?’.

Conclusions

The present study demonstrates that NCM exerted regenerative effects on canine MSCs and
canine and human CLCs from degenerated IVDs in vitro as well as canine IVDs in vivo. In vivo,
NCM mainly exerted pronounced effects on moderately degenerated IVDs; a repeated
intradiscal NCM injection exerted beneficial effects on macroscopic, radiologic, biochemical,
and histological level and inhibited inflammation. This study shows that intradiscally
injected NCM could be a promising treatment for human and canine IVD disease, by
harnessing the NC regenerative and anti-inflammatory potential, and circumventing the
challenging identification of bioactive NC-secreted factors. Future studies should focus on
removal of nucleic acid from NCM and the mechanism of NCM-mediated regeneration.
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Supplementary File 1. Detailed information on Materials and Methods

1. In vitro studies

a. Real time qPCR

Primers used for quantitative PCR of canine samples

Genes

Forward sequence 5’ - 3’

Reverse sequence 5’ - 3’

Amplicon size

Annealing temp (°C)

Reference genes

GAPDH TGTCCCCACCCCCAATGTATC CTCCGATGCCTGCTTCACTACCTT 100 58
HPRT AGCTTGCTGGTGAAAAGGAC TTATAGTCAAGGGCATATCC 104 58
RPS19 CCTTCCTCAAAAAGTCTGGG GTTCTCATCGTAGGGAGCAAG 95 61
SDHA GCCTTGGATCTCTTGATGGA TTCTTGGCTCTTATGCGATG 92 56.5
Target genes

ACAN GGACACTCCTTGCAATTTGAG GTCATTCCACTCTCCCTTCTC 111 62
ADAMTS5 CTACTGCACAGGGAAGAG GAACCCATTCCACAAATGTC 149 61
CASP3 CGGACTTCTTGTATGCTTACTC CACAAAGTGACTGGATGAACC 89 61
CCND1 GCCTCGAAGATGAAGGAGAC CAGTTTGTTCACCAGGAGCA 117 60
COL1A1 GTGTGTACAGAACGGCCTCA TCGCAAATCACGTCATCG 109 61
COL2A1 GCAGCAAGAGCAAGGAC TTCTGAGAGCCCTCGGT 151 62
COL10A1  CCAACACCAAGACACAG CAGGAATACCTTGCTCTC 80 61
IL-18 TGCTGCCAAGACCTGAACCAC TCCAAAGCTACAATGACTGACACG 115 68
KRT18 GGACAGCTCTGACTCCAGGT AGCTTGGAGAACAGCCTGAG 97 60
KRT19 GCCCAGCTGAGCGATGTGC TGCTCCAGCCGTGACTTGATGT 86 64
MMP13 CTGAGGAAGACTTCCAGCTT TTGGACCACTTGAGAGTTCG 250 65
PAI1 AAACCTGGCGGACTTCTC ACTGTGCCACTCTCATTCAC 98 61.5
SOX9 CGCTCGCAGTACGACTACAC GGGGTTCATGTAGGTGAAGG 105 62
TIMP1 GGCGTTATGAGATCAAGATGAC ACCTGTGCAAGTATCCGC 120 66
TNFa CCCCGGGCTCCAGAAGGTG GCAGCAGGCAGAAGAGTGTGGTG 99 65

Primers used for quantitative PCR of human samples

Genes Forward sequence 5’ - 3’ Reverse sequence 5’ - 3’ Amplicon size Anneal:ng
temp (°C)
Reference genes
HPRT TATTGTAATGACCAGTCAACAG GGTCCTTTTCACCAGCAAG 192 60
SDHA TGGGAACAAGAGGGCATCTG CCACCACTGCATCAAATTCATG 86 58
TBP TGCACAGGAGCCAAGAGTGAA CACATCACAGCTCCCCACCA 132 63.5
YWHAZ ACTTTTGGTACATTGTGGCTTCAA CCGCCAGGACAAACCAGTAT 94 64
Target genes
ACAN CAACTACCCGGCCATCC GATGGCTCTGTAATGGAACAC 160 63.5
ADAMTS5 GCCAGCGGATGTGCAAGC ACACTTCCCCCGGACGCAGA 130 62.5
CASP3 CAGTGGAGGCCGACTTCTTG TGGCACAAAGCGACTGGAT 102 58
CCND1 AGCTCCTGTGCTGCGAAGTGGAAAC AGTGTTCAATGAAATCGTGCGGGGT 480 65
COL1A1 TCCAACGAGATCGAGATCC AAGCCGAATTCCTGGTCT 191 61
COL2A1 AGGGCCAGGATGTCCGGCA GGGTCCCAGGTTCTCCATCT 195 63.5
COL10A1 CACTACCCAACACCAAGACA CTGGTTTCCCTACAGCTGAT 225 61
KRT18 CGGGCATTGTCCACAGTATT GGGAGCACTTGGAGAAGAAG 108 65
KRT19 CTTCCGAACCAAGTTTGAGAC AGCGTACTGATTTCCTCCTC 183 64
MMP13 TCCCAGGAATTGGTGATAAAGTAGA CTGGCATGACGCGAACAATA 123 64
PAI1 GCTGGTGAATGCCCTCTAC GGCAGCCTGGTCATGTTG 318 65
SOX9 CCCAACGCCATCTTCAAGG CTGCTCAGCTCGCCGATGT 242 65.5
TIMP1 CTTCTGGCATCCTGTTGTTG GGTATAAGGTGGTCTGGTTG 153 64
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Reference genes: HPRT: Hypoxanthine-guanine phosphoribosyltransferase, SDHA: Succinate dehydrogenase
complex subunit A, TBP: TATA-Box binding protein, YWHAZ: tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein zeta, RPS19: 40S ribosomal protein S19.

Target genes: ACAN: aggrecan, ADAMTS5: A disintegrin and metalloproteinase with thrombospondin motifs 5,
CASP3: caspase 3, CCND1: cyclin D1, COL1A1: collagen type |, COL2A1: collagen type |, COL10A1: collagen type
X, IL-1f3: interleukin-1B, KRT18: cytokeratin 18, KRT19: cytokeratin 19, MMP13: matrix metalloproteinase 13,
PAI1: Plasminogen activator inhibitor type 1, SOX9: sex determining region Y-box 9, TIMP1: tissue inhibitor of
metalloproteinases, TNFa: Tumor Necrosis Factor alpha.

b. Sulphate incorporation assay

Shortly, CLCs from the six canine and human donors were cultured in micro-aggregates in
duplicates in basal culture medium, basal culture medium supplemented with 10 ng/mL
TGF-B; or 10 mg/mL NCM. After 7 days, the micro-aggregates were pulsed with 20 pCi
3350, Four hours later, the micro-aggregates were washed twice with 500 pL PBS and
frozen at -20°C. After one day, the micro-aggregates were digested for two hours in papain
buffer. The next day, the amount of **50,%labelled GAGs in the papain digest was measured
by liquid scintillation analysis and normalized for the micro-aggregates’ DNA content.

II. In vivo studies

c. Overview of the treatment per canine IVD

TI1 HT12 T3 H 11 H 12 H L3 HWMHILL HLLHLHS

Level T11-12 T12-13 T13-11 L1-12  L2-13 13-4  L4-15 156 L6-L7 L7-S1
NX/- - NX . NX - NX - NX . NX
Treatment - MSC MSC - NCM  NCM  NCM+ NCM+ NCM  NCM
(T=0m) MSC MSC

Treatment - - - - - - - - NCM  NCM
{T=3m)

Six weeks before the start of the experiment (T=-1.5 months), more severe (moderate) IVD degeneration was
induced in five IVDs per dog by partial NP removal (NX; T12-T13, L1-L2, L3-L4, L5-L6, and L7-S1) on the left side
of the spine. At the start of the experiment (T=0 months), the mildly and moderately degenerated canine IVDs
were injected on the right side of the spine with 50 uL of (a) 1*10° canine mesenchymal stromal cells (MSCs)
incorporated in an albumin-based hydrogel, (b) 10 mg/mL notochordal cell-derived matrix (NCM), or (c) 1*10°
canine MSCs suspended in 10 mg/mL NCM. Three months after the first injections (T=3 months), two IVDs per
dog (L6-L7 and L7-S1) were again injected with 50 puL of 10 mg/mL NCM. Every dog received a similar
treatment per spinal location. -: no NX/no treatment.
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d. Anesthesia and analgesia protocols Beagles in vivo

For the induction of degeneration and intradiscal injections anesthesia was provided by
intravenous buprenorphine (20 pg/kg) and dexmedetomedine (10 pg/kg), induced by
intravenous propofol (1-2 mg/kg) and maintained by intravenous propofol (100 mg/kg/hr)
and inhalation of 1-1.5% isoflurane. Peri- and postoperative analgesia was provided by
intramuscular buprenorphine (20 pg/kg, one day, three times a day) and subcutaneous
carprofen (4 mg/kg, five days, once a day). Additionally, the dogs received preoperative
intravenous cefazolin (20 mg/kg) once. For MRI and CT, anesthesia was provided by
intravenous butorphanol (0.2 mg/kg) and dexmedetomedine (10 pg/kg), induced by
intravenous propofol (1-2 mg/kg) and maintained by inhalation of 1-1.5% isoflurane. At T=6
months, the Beagles were euthanized after the MRI by intravenous pentobarbital (200
mg/kg).

e. MRlandCT

Magnetic resonance images (MRI) were obtained at T=0, 3, and 6 months using a 1.5T high
field MRI unit (Ingenia, Philips). Sagittal T1-weighted Turbo Spin Echo (repetition time (TR):
400 ms, echo time (TE): 8 ms), and T2-weighted Turbo Spin Echo (TR: 3000 ms, TE: 110 ms)
images were acquired using a field of view (FOV) of 75 x 220 mm and acquisition matrix of
124 x 313 and 124 x 261. Thirteen 2 mm-thick slices covered the spine from T10 to S1. For
T2 mapping, a quantitative multiple spin-echo T2-mapping sequence was used with the
following parameters; FOV: 75 x 219 mm, acquisition matrix: 96 x 273, slice thickness: 3 mm,
TR: 2000 ms. Eight echoes were acquired with TE: 13-104 ms with 13 ms echo spacing.
Sagittal T1p-weighted imaging was performed using a spinlock-prepared sequence with 3D
multi-shot gradient echo (T1-TFE) readout with FOV: 76 x 220 mm, acquisition matrix: 76 x
220, slice thickness:2 mm, TR/TE:4.6s/2.3s, TR: 5ms, TE: 2.5ms, TFE factor: 50, flip
angle: 45°, shot interval: 3000 ms. For quantitative T1p mapping, data were acquired with
spinlock times: 0, 10, 20, 30 and 40 ms, spinlock pulse amplitude: 500 Hz. An oval region of
interest (ROI) was manually segmented on the NP of all spinal segments.

Computed tomography (CT) images were obtained postmortem with dogs positioned in
dorsal recumbency to monitor extradiscal calcification and EP pathology. The CT scans were
made using a 64 slice CT scanner (Siemens Somatom Definition AS, Siemens Healthcare)
with the following parameters: 120 kV, 350 mas, 1000 ms tube rotation time, 0.6 mm slice
thickness, 0.35 spiral pitch factor, 512 x 512 pixel matrix and 93 mm fixed field view.
Reconstructions were made in transverse and sagittal planes using soft tissue and bone
reconstruction kernels and images were reviewed in soft tissue/bone settings (window
length 50, width 300, and window length 600, width 3000, respectively).

f. Sample collection
The vertebral column (T11-S1) was harvested using an electric multipurpose saw (Bosch).
The muscles were removed and the vertebrae were transversely transected using a band
saw (EXAKT tape saw). The ten spinal units (% vertebra — endplate - IVD - endplate - %
vertebra) were sagitally transected into two identical parts using a diamond band saw
(EXAKT 312). In one part the bisected IVD tissue was isolated from the endplate and
vertebra with a surgical knife and was snap frozen in liquid nitrogen and stored at -70°C for
biochemical analyses. The other part was used to photograph (Olympus VR-340) the other
half of the IVD for macroscopic Thompson score evaluation. The samples were fixed in 4%
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buffered formaldehyde for 14 days, decalcified in PBS with 0.5M EDTA for two months and
embedded in paraffin.

g. RNA isolation, cDNA synthesis, and RT-qPCR

For RT-gPCR, the NP and AF were carefully separated and cut into small pieces. Half of the
NP/AF tissues was collected in 400 and 750 uL complete lysis buffer (04719956001, Roche
Diagnostics), respectively, and stored at -70°C until biochemical analysis. The other tissue
halves were separately collected in 300 uL Exiqon Kit RNA buffer and stored at -70°C until
biomolecular analysis. The RNA samples were homogenized using the TissuelLyser Il (Qiagen)
for 4 minutes at 20 Hz. Thereafter, RNA was isolated (miRCURY RNA lIsolation Kit (300110,
Exigon)) and cDNA was synthesized (iScriptTM cDNA Synthesis Kit (170-8891, Bio-Rad)) and
amplified (Sso Advanced™ PreAmp Supermix (1725160, Bio-Rad)) according to the
manufacturer’s instructions. RT-qPCR was performed as described with the in vitro studies.
For primer sequences, see Sup. File 7a.
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Supplementary File 2. Induction of intervertebral disc (IVD) degeneration by partial NP
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Six weeks before the start of the experiment (T=-1.5 months), moderate IVD degeneration was induced in five
IVDs per dog by partial removal of the NP (NX; T12-T13, L1-L2, L3-L4, L5-L6, and L7-S1) (a). The removed NP
tissue showed CLC clusters and single cells (H&E staining) (b). At the start of the experiment (T=0 months), the
IVDs of the dog that died unexpectedly were used for baseline analysis and were examined macroscopically (c,
d), histologically (Alcian Blue-Picrosirius Red (left) and H&E staining (right) (e,f)) and biochemically for GAG (i),
DNA (j), GAG/DNA (k), collagen (I) and collagen/DNA (m) content. The NPs of the IVDs in which moderate
degeneration was induced by NX showed macroscopically a brown discoloration, histologically less blue (GAG)
and more red (collagen) in their NP tissue, and biochemically a decreased GAG and GAG/DNA content. Pictures
of the (fluoroscopic) through the needle injections with NCM/MSCs are shown in g (positioning of the 19G
needle) and h (through the needle injection with a 25G needle, arrow). The fate of the MSCs (at T=0 months,
directly after injection) was determined by SRY:GAPDH PCR on genomic DNA of the deceased dog IVDs (n). The
male DNA percentage in the female IVD indicates the percentage of MSCs present in the IVD. n=5 IVDs per
condition (DNA, GAG, collagen content) and n=1 IVD per condition (MSC content, male DNA percentage).
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Supplementary File 3. Effect of notochordal cell-derived matrix (NCM) on canine and
human CLC gene expresssion
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Target gene expression levels of canine and human chondrocyte-like cells (CLCs) cultured in micro-aggregates
in basal culture medium (control), basal culture medium supplemented with 10 ng/mL TGF-B,, and 10 mg/mL
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Supplementary File 4. Effect of notochordal cell-derived matrix (NCM) on canine and
human CLC anabolism gene expresssion
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Target gene expression levels of canine and human chondrocyte-like cells (CLCs) cultured in micro-aggregates
in basal culture medium (control), basal culture medium supplemented with 10 ng/mL TGF-B,, and 10 mg/mL
NCM. Relative ACAN (a, b), COL1A1 (c, d), COL2A1 (e, f), and SOX9 (g, h) gene expression (mean+SD) of the
micro-aggregates at day 7. Control micro-aggregates were set at 1. *,**: significant difference between this
condition and all other conditions (p<0.05 and p<0.01, respectively); n=6.
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Supplementary File 5. Mesenchymal stromal cell (MSC) characterisation
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Characterisation of bone marrow-derived MSCs of the male Beagle donor used in the in vivo experiment. (a)
Chondrogenic (Safranin O/Fast Green staining), (b) osteogenic (Alizarin Red S staining), and (c) adipogenic (Oil-
Red-O staining) differentiation and (d) FACS analysis for positive (CD29, CD90, CD105) and (e) negative (CD34,
CD45) MSC markers. Chondrogenic, osteogenic, and adipogenic differentiation was successfully achieved. The
cells were found to be CD34, CD45’, CD29" and CD90". However, only 4.4% of cells was CD105", this could be
explained by a low cross-species reactivity of the anti-human CD105, which was used due to unavailability of
commercial anti-canine CD105. Altogether, the results confirm the presence of MSCs in the injected cells. PE:
Phycoerythrin fluorescent dye.
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Supplementary File 6. Modic changes, periosteal bone formation, spondylosis and EP lysis

The development of Modic Changes (MC) was recorded during the study. In noNX-IVDs,
only one MC type 3 was observed at T=0, 3, and 6 months. In NX-IVDs, one and a half month
after NX, and before the different treatments were applied (T=0 months), several MCs were
already present. During the study, i.e. after the first intradiscal injections, control NX-1VDs
developed two type 1 MCs, while 1xXNCM-treated NX-IVDs developed one additional type 1
MC and one type 1 MC progressed towards a type 3 MC, MSC-treated NX-IVDs developed
one type 1 MC, and NCM+MSC-treated NX-1VDs developed four type 1 and two type 3 MCs.
In contrast, 2xNCM-treated NX-IVDs did not develop any additional MCs, presumably (also)
due to the less invasive percutaneous approach of the L7-S1 IVD.

Modic changes at T=0 months

No NX NX
Dog | Control | 1XNCM | 2xNCM | MSC | NCM+MSC | Control | 1XNCM | 2xNCM | MSC | NCM+MSC
1 - - 3 - - - - - - -
2 - - - - - - - - - -
3 - - - - - 1 1 - - -
4 - - - - - - 1 2+3 - -
5 - - - - - - - 1+3 1 -
Modic changes at T=3 months
No NX NX
Dog | Control | 1XNCM | 2xNCM | MSC | NCM+MSC | Control | IXNCM | 2xNCM | MSC | NCM+MSC
1 - - 3 - - - - - - -
2 - - - - - - - - 1 -
3 - - - - - 1 1 - - 1
4 - - - - - 1 1 2+3 - 1
5 - - - - - - 1 3 1 1
Modic changes at T=6 months
No NX NX
Dog | Control | 1XNCM | 2xNCM | MSC | NCM+MSC | Control | 1XNCM | 2xNCM | MSC | NCM+MSC
1 - - 3 - - - - - - 1
2 - - - - - - - - 1 3
3 - - - - - 1 1 - - 1
4 - - - - - - 3 2+3 - 3
5 - - - - - 1 - 143 1 -

Overview of the type of Modic changes observed by MRI analysis. -

: no Modic changes observed. Grey

depicted Modic changes are different from T=0 months (1.5 month after moderate degeneration was induced

by partial NP removal (NX)). n=5
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The development of periosteal bone formation and ventral spondylosis was determined at
T=6 months using CT. When these features were present, they were located at the left side
of the spinal column, the side employed to induce IVD degeneration. No periosteal bone
formation or ventral spondylosis was detected in control, 2xNCM and MSC-treated noNX-
IVDs. In contrast, mild ventral spondylosis was observed in 1xNCM-treated (3/5) and
NCM+MSC-treated (1/5) noNX-IVDs. Additionally, minimal (1/5) and distinct (1/5) periosteal
bone formation was observed in NCM+MSC-treated noNX-IVDs. In NX-IVDs, more
pathological features were detected. In 4/5 control NX-IVDs, distinct periosteal bone
formation was detected. Furthermore, 1xXNCM-treated NX-IVDs showed mild-distinct bone
formation (5/5) and mild spondylosis (3/5), and MSC- and MSC+NCM-treated NX-IVDs
showed distinct bone formation (2/5 and 4/5, respectively). 2xNCM-treated NX-IVDs
showed none of these pathological processes on CT analysis, again presumably due to the
less invasive approach of the L7-S1 IVD.

No NX NX
Dog | Control | 1XNCM | 2xNCM | MSC | NCM+MSC | Control | 1xNCM | 2xNCM | MSC | NCM+MSC
1 - -? - - - - + - + +
2 - - - - - + +/-2 - - -
3 - -2 - - +/-2 + + - - +
4 - -2 - - - + +7 - + +
5 - - - - + + +° - - +

: no periosteal bone formation, +/-: minimal periosteal bone formation, +: distinct periosteal bone
formation. a: mild spondylosis. Bone formation was only detected at the left side (induction of degeneration
side). n=5

EP lysis (determined by CT analysis at T=6 months) was only present in NX-IVDs, most
probably due to the NX procedure.

No NX NX

Dog | Control | 1XNCM | 2xNCM | MSC | NCM+MSC | Control | IXNCM | 2xNCM | MSC | NCM+MSC

alslw|n|ek
.
:
:
'
'
.
'
'
'
+ |+ [+ [+

- =:no EP lysis, +: EP lysis. n=5

142




Notochordal cell-derived matrix

Supplementary File 7. mRNA expression of the degenerated canine IVDs in vivo
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Relative target gene expression (mean+SD) of (a) COL2A1, (b), TIMP1, (c) KRT18, (d) KRT19, and (e) PAI1 at T=6
months. The control noNX-IVDs were set at 1. NX: partial NP removal was performed to induce moderate IVD
degeneration. Bars represent significant differences between conditions (p<0.05); n.s.: not significantly
affected; *,**: significantly different from control noNX-1VDs (p<0.05, p<0.01, respectively); #: different from
control noNX-IVDs (0.052p<0.20, medium/large effect size); $: difference between conditions with
medium/large effect size (0.052p<0.20); n=5.
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Chapter 6

Abstract

Strategies for biological repair and regeneration of the intervertebral disc (IVD) by cell and
tissue engineering are promising, but few have made it into the clinic. Recombinant human
bone morphogenetic protein 7 (rhBMP7) has been shown to stimulate matrix production by
IVD cells in vitro, and in vivo in animal models of induced IVD degeneration. The aim of this
study was to determine the most effective dose of intradiscally injected rhBMP7 in a
spontaneous canine IVD degeneration model for translation into a clinical application for
patients with low back pain. Canine nucleus pulposus derived chondrocyte-like cells (CLCs)
were cultured with rhBMP7 to assess the anabolic effect of rhBMP7 in vitro, and samples
were evaluated for glycosaminoglycan (GAG) and DNA content, histology, and matrix-
related gene expression. Three different dosages of rhBMP7 (2.5 pg, 25 pg, and 250 ug)
were injected in vivo into early degenerated IVDs of canines, which were followed up for 6
months by magnetic resonance imaging (T2-weighted images, Tlp and T2 maps).
Postmortem, the effects of rhBMP7 were determined by radiography, computed
tomography and macroscopy, and by histological, biochemical (GAG, DNA, collagen), and
biomolecular analyses of VD tissue. In vitro, rhBMP7 stimulated matrix production in canine
CLCs as GAG deposition was enhanced, DNA content was maintained and gene expression
levels of ACAN and COL2A1 were significantly upregulated. Despite the wide dose range of
rhBMP7 (2.5 — 250 ug) administered in vivo, no regenerative effects were observed at the
IVD level. Instead, extensive extradiscal bone formation was noticed after intradiscal
injection of 25 pg and 250 pg of rhBMP7. In conclusion, intradiscal bolus injection of 2.5, 25,
and 250 pg rhBMP7 showed no regenerative effects in a spontaneous canine IVD
degeneration model. In contrast, intradiscal injection of 250 ug rhBMP7, and to a lesser
extent 25 ug rhBMP7, resulted in extensive extradiscal bone formation, indicating that a
bolus injection of rhBMP7 alone cannot be used for treatment of IVD degeneration in
human or canine patients.
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Introduction

Low back pain is one of the major sources of disability in humans'. Several studies have
provided evidence for its association with intervertebral disc (IVD) degeneration® 3. Current
therapies, such as physiotherapy, anti-inflammatory medications, and surgery alleviate
symptoms, but do not restore the physiological function of the degenerated IVD. Prevention
of further degeneration or regeneration of the IVD requires intervention at an early stage.
Strategies for biological repair and regeneration of the IVD by cell and tissue engineering are
promising, but are not widely clinically applicable thus far. A number of studies have been
performed on bone morphogenetic proteins (BMPs) given their potential regenerative role
in degenerative IVD disease®. BMPs belong to the transforming growth factor- B (TGF-B)
superfamily, and are involved in many developmental processes4' >, Recombinant human
bone morphogenetic protein 7 (rhBMP7) has been tested extensively and appears to be a
promising BMP for IVD regeneration®®, as it has been shown to have beneficial effects on
extracellular matrix production of rabbit, bovine, and human IVD cells in vitro” %3, Several
animal models with experimental IVD degeneration were used to study the efficacy and
translational aspects of BMP7 towards a clinical application in humans™. In rabbits with
experimentally induced IVD degeneration, rhBMP7 restored disc height and improved the
IVD viscoelastic properties by increasing the proteoglycan content™ . An anti-catabolic
effect of rhBMP7 was shown in a rat model with induced IVD degeneration’. Also in a
canine model of allogenic IVD transplantation, nucleus pulposus derived chondrocyte-like
cells (CLCs) expressing rhBMP7 prevented degeneration of the transplanted IVD at 6 months
foIIow-uplg. Thus far, novel regenerative therapies deploying rhBMP7 intradiscally have
been tested in animal models with induced IVD degeneration, but not in an animal model
with spontaneous IVD degeneration that more closely resembles the biological condition in
humans. Furthermore, dose response studies evaluating intradiscal injection of rhBMP7 and
possible adverse effects are not available® *°.

The goal of this study was to assess the effect of a wide range of intradiscally injected
dosages of rhBMP7 (2.5 — 250 pg) in a canine model with spontaneous IVD degeneration
that closely resembles IVD degeneration and disease in man®” 2% For this, we first
investigated the anabolic effect of two dosages of rhBMP7 on canine CLCs from early
degenerated IVDs in vitro. Potential regenerative effects of rhBMP7 in vivo were studied by
obtaining conventional T2-weighted images and T2 and T1p maps in a longitudinal manner.
Both T1p and T2 relaxation times are correlated with IVD degeneration since T2 relaxation
times correlate strongly with water content, while T1p relaxation times are particularly
sensitive to a decrease in glycosaminoglycan (GAG) content in the NP?* 2. At 6 months
follow up, the effects of rhBMP7 were determined postmortem by radiography and
computed tomography, macroscopy, and by histological, biochemical, and biomolecular
analyses.
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Materials and methods

Ethics statement

All procedures involving animals were approved and conducted in accordance with the
guidelines set by the Animal Experiments Committee (DEC) of Utrecht University
(Experimental numbers: 2012.111.07.065, 2013.111.02.017, and 2013.11.12.126), as required by
Dutch regulation.

Isolation and culture of chondrocyte-like cells

Nucleus pulposus tissue was separated from early degenerated IVDs (Pfirrmann grade 2) of
twelve laboratory beagle dogs; care was taken to avoid the transitional zone. Tissue was
washed with hgDMEM + Glutamax + pyruvate (31966, Invitrogen, Paisley, UK) + 1%
penicilin/streptomycin (P/S) (P11-010, PAA Laboratories GmbH, Piscataway, NJ, USA) and
digested with 0.15% pronase (11459643001, Roche Diagnostics, Indianapolis, USA) for 45
minutes at 37°C and subsequently digested overnight with 0.15% collagenase Il (4176,
Worthington, Lakewood, NJ, USA) at 37°C. CLCs were filtered over a 70 um filter,
centrifuged (5 min at 500g), and cryopreserved at passage 0 (hgDMEM + Glutamax + 10%
DMSO + 10% FBS (High performance 16000-044, Gibco, Bleiswijk, The Netherlands)) until
further use. CLCs were expanded in expansion medium (hgDMEM + Glutamax + pyruvate
(Invitrogen), 10% FBS, 1% p/s, 0.1 mM ascorbate-2-phosphate (A8960, Sigma-Aldrich, Saint
Louis, MO, USA), 10° M dexamethasone (D1756, Sigma-Aldrich), 1 ng/mL bFGF (PHP105,
AbD Serotec, Oxford, UK), 0.5% Fungizone (15290-018, Invitrogen) in 175 cm? cell culture
flasks (660175, Greiner bio-one, Cellstar, Alphen aan den Rijn, The Netherlands) until
passage 2. Cells (P2) were pooled to yield 5 different CLC donor groups and pelleted in ultra-
low attachment 96 wells plates (Corning Costar 7007, Sigma-Aldrich) by centrifugation at
185g for 8 minutes. Each pellet contained 200,000 CLCs and was cultured in 200 pL
chondrogenic culture medium for 28 days (5% CO,, 20% 0,). Standard chondrogenic
medium (hgDMEM+Glutamax (Invitrogen), was supplemented 1% ITS + premix (354352
Corning, Tewksbury, MA, USA), 0.04 mg/mL proline (P5607 Sigma-Aldrich), 1% P/S, 0.5%
Fungizone, 0.1 mM ascorbate-2-phosphate) and remained untreated (negative control) or
was supplemented with 10 or 100 ng/mL rhBMP7 (mammalian cell derived; 354-BP-010
R&D Systems Europe Ltd, Oxon, UK). Media were renewed twice weekly, collected per
week, and stored at -80°C for analysis of GAG content.

GAG and DNA content of CLC pellets and GAG content of culture media

At days 7 and 28, two CLC pellets per donor and condition were digested overnight at 60°C
in papain (250 pg/mL papain (P3125-100 mg, Sigma-Aldrich) + 1.57 mg cysteine HCL (C7880,
Sigma-Aldrich)). The 1,9-dimethylmethylene blue (DMMB) assay was used to quantify GAG
content?® of the pellets and media. GAG concentrations were calculated by using
chondroitin sulfate from shark cartilage (C4384,Sigma-Aldrich) as a standard and the
absorbance was read at 540/595nm. The Quant-iT™ dsDNA Broad-Range assay kit in
combination with a Qubit™ fluorometer (Invitrogen) was used in accordance with the
manufacturer’s instructions to determine the DNA content of the CLC pellets.

RNA isolation and quantitative RT-PCR (qPCR) of CLC pellets

At days 7 and 28, RNA was isolated from two pellets per donor and condition and pooled.
After crushing the pellets with a pellet pestle (9951-901, Argos Technologies, Elgin, IL, USA),
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total RNA was isolated by using the RNeasy microkit according to the manufacturer’s
instructions. After on-column DNase-| digestion (Qiagen RNase-free DNase kit), RNA was
quantified by using a NanoDrop 1000 spectrophotometer (Isogen Life Science, lJsselstein,
The Netherlands). The iScript™ cDNA Synthesis Kit (Bio-Rad, Veenendaal, The Netherlands)
was used to synthesize cDNA. gPCR was performed using an iCycler CFX384 Touch thermal
cycler, and IQ SYBRGreen Super mix (Bio-Rad). Quantitative PCR (qPCR) was performed to
assess the effects of rhBMP7 at gene expression levels on: 1) extracellular matrix (ECM)
anabolism; aggrecan (ACAN), collagen type 2 alpha 1 (COL2A1), collagen type 1 alpha 1
(COL1A1); 2) proliferation; cyclin-D1 (CCND1); 3) ECM catabolism (a disintegrin and
metalloproteinase with thrombospondin motifs (ADAMTS5), matrix metalloproteinase 13
(MMP13), tissue inhibitor of metalloproteinase 1 (TIMP1); 4) apoptotic markers: B-cell
lymphoma 2-associated X (BAX), B-cell lymphoma 2 (BCL2) and caspase 3 (CASP3); and 5)
BMP signaling: BMP receptor 1A (BMPR1A), BMP receptor 1B (BMPR1B), BMP receptor 2
(BMPR2), inhibitor of DNA binding 1 (ID1), noggin (NOG) (Supplementary File 1). All dog-
specific primers were designed in-house using Perlprimer® except for MMP13%. Primer
specificity was evaluated with BLAST, and the designed amplicon was tested for secondary
structures using MFold?. Primers were purchased from Eurogentec, Maastricht, The
Netherlands. Amplification efficiencies ranged from 86% to 119%. Relative expression levels
were determined by the efficiency-corrected delta-delta CT (AACT) method. CT values of
each target gene were normalized by the mean CT value of 4 reference genes (ACT), i.e.
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), ribosomal protein 519 (RPS19),
succinate dehydrogenase complex, subunit A, flavoprotein variant (SDHA), and
hypoxanthine-guanine phosphoribosyltransferase (HPRT), whereas the mean CT of all
conditions for each target gene was used as a calibrator (AACT).

Histopathological evaluation of CLC pellets

Safranin O/Fast Green staining was performed to evaluate the presence of GAG deposition
at a histopathological level. Two pellets per donor and condition were fixed overnight in
neutral buffered formaldehyde 4% (Boom B.V., Meppel, The Netherlands) supplemented
with 1% eosin (115935, Merck, Schiphol-Rijk, The Netherlands). Subsequently, the pellets
were first embedded in alginate and thereafter in paraffin. Sections (5 um) were stained
with Mayer’s hematoxylin (3870, Avantor Performance Materials, Center Valley, PA),
Safranin-O (58884, Sigma-Aldrich) and, as a counterstaining, Fast Green (F7252, Sigma-
Aldrich).

Experimental animals

Seven intact male beagle dogs with a median age of 1.3 years (range 1.1 — 1.8) and a median
weight of 11.7 kg (range 10.2 — 12.8) were purchased from Harlan (Gannat, France). All dogs
underwent a general, orthopedic, and neurologic examination by a board-certified
veterinary surgeon (BM). The study was set up following a randomized block design. Single
bolus injections of 2.5, 25, 250 pug rhBMP7 (mammalian cell derived, CYT-276, ProSpec-Tany
TechnoGene Ltd, Ness-Ziona, Israel), and a sucrose buffer (sham) were injected into the NPs
in the T13-S1 spinal segments in a balanced Latin square design. IVDs adjacent to those
injected with 250 ug of rhBMP7 remained untreated. Preliminary studies in cadaveric spines
showed that a volume of 40 pL could be injected into the NP without considerable
resistance (unpublished data). The highest dosage of rhBMP7 was constrained by the
highest possible concentration that could be accomplished via dialysis, i.e. 250 pg in 40 pL.
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Preparation of rhBMP7 for in vivo application

Prior to the in vivo studies, the biological activity of rhBMP7 from different manufacturers
was determined in an ALP activity assay in ATDC5 cells, amongst them rhBMP7 from R&D
and ProSpec-Tany. rhBMP7 from ProsPec-Tany showed highest biological activity and was
further chosen to be employed in the in vivo studies (Supplementary File 2).

RhBMP7 (CYT-276, ProSpec-Tany TechnoGene Ltd) was reconstituted in 60 L sterile water.
This solution was dialyzed against a buffer solution containing 17% sucrose, 20% mannitol,
332 mM glycine and 0.8% Tween 20, using a slide-A-Lyzer dialysis cassette (66454, Thermo
Fisher Scientific Inc., Rockford, IL, USA) with a molecular weight cutoff of 10 kDa overnight
with 4 buffer changes. The final solution containing 300 pg of rhBMP7 (calculated amount)
was freeze-dried overnight and reconstituted in sterile water, to achieve a final
concentration of 250 pg rhBMP7 in 40 uL buffer solution containing 1% sucrose, 1.2%
mannitol, 20 mM glycine, and 0.05% Tween 20. Activity of the dialysate was shown to be
retained in vitro through its capacity to induce ALP production in murine ATDC5 cells
(Supplementary File 2).

Magnetic resonance (MR) imaging

MR images of the lumbar vertebral column were obtained in fully anesthetized dogs prior to
surgery (to) and at 6 (tg), 12 (t12), and 24 (t,4) weeks after surgery. Dogs were pre-medicated
with dexmedetomidine 10 ug/kg intravenously (i.v.) and butorphanol 0.1 mg/kg i.v., and
anesthesia was induced with propofol (3-4 mg/kg) continuous rate infusion (c.r.i.) and
dexmedetomidine 1 pg/kg c.r.i. A laryngeal mask was inserted, and anesthesia was
maintained with isoflurane (2-3%) in a 1:1 oxygen/air mixture. Prior to the first MRI, a blood
sample was drawn from the jugular vein to assess white blood cell count and differentiation,
to exclude systemic inflammation. MRI was performed with a 1.5 Tesla scanner using a
Spine array coil (Philips Healthcare, Best, The Netherlands). Sagittal T2-weighted (T2W)
images were acquired using a turbo-spin echo (TSE) pulse sequence with the following
parameters: repetition time (TR) = 2557 ms, echo time (TE) = 100 ms, field of view (FOV) =
200 mm, acquisition matrix = 332 x 306, slice thickness = 2 mm, number of slices = 13. For
T2 mapping acquisition parameters were as follows: TR = range 2000 — 4000 ms, TE = 12.5
ms to 100 ms in 12.5 ms increments, FOV = 250 mm, acquisition matrix = 416 x 200, slice
thickness = 2 mm, number of slices = 11. Sagittal Tlp weighted imaging was performed
using a spin-lock-prepared sequence with a 3D multi-shot ultrafast gradient echo (T1-TFE)
readout with the following parameters: TR = 8.3 ms, TE = 4.3 ms, FOV = 250 mm, acquisition
matrix = 416 x 378, slice thickness = 2 mm, number of slices = 25, TFE factor = 64, flip angle =
10°, shot interval = 2000 ms. To allow quantitative T1p mapping, data were acquired five
times, each with a different spin-lock time (TSL);1, 10, 20, 40 and 80 ms. Spin-lock amplitude
was set to 500 Hz.

T2 and T1p quantification

Mid-sagittal slices of T2W images were used to evaluate the grade of degeneration at all
time points. Lumbar IVDs were assessed by a veterinary radiologist that was blinded to
treatment allocation, according to the Pfirrmann classification validated for dogs by
Bergknut et a/*®. Only lumbar IVDs with a Pfirrmann score Il at to were included for injection.
Disc height index (DHI) was calculated at all time points on T2W images for each IVD
according to the method described by Masuda et a/*®. In short, DHI was calculated by
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averaging widths of the dorsal, middle, and ventral parts of the vertebral disc and dividing
that by the average of dorsal, middle, and ventral body heights of the adjacent cranial and
caudal vertebrae. To calculate the DHI of L7 — S1, the average body height of only the cranial
vertebra (L7) was used, as S1 has a different shape than the lumbar vertebrae. For the
analysis of T2 and T1p values, an oval shaped region of interest (ROI) was manually
segmented on mid-sagittal sections, to select NP tissue in each IVD in the free open-source
DICOM viewer Osirix (Pixmeo, Geneva, Switzerland). ROIs were exported to and analyzed
with Wolfram Mathematica 10.0 (Wolfram Research, Champaign, IL, USA). T2 and Tlp
values were computed by calculating the mean signal intensity (S) in each ROI, and by fitting
these intensity data into equations:

1) S(TSL) = Spe-HTP
or
2) S(TE) = See-"¥/™

respectively, using the Levenberg-Marquardt nonlinear least-squares method implemented
in Mathematica. S; denotes the equilibrium magnetization, whereas S(TSL) and S(TE)
indicate the T1p- and T2-prepared signals, respectively.

Surgical procedure

The anesthesia protocol for MR imaging and surgery was identical. Analgesia was provided
pre-operatively by methadone 0.5 mg/kg i.v. and carprofen 4 mg/kg i.v., and peri-
operatively by a combination of fentanyl (loading dose 10 pg/kg, 15-20 ug/kg/hr continuous
rate infusion, c.r.i.) and ketamine (0.5 mg/kg loading dose, 10 pg/kg/min c.r.i.). Dogs were
positioned in right recumbence to expose and inject T13-L6 via a left lateral approach, and
subsequently in ventral recumbence to expose and inject L6-S1 via a dorsal approach. A 100
pl gastight syringe (7656-01 Model 1710 RN) with a 27G needle (25 mm, 12° beveled point;
Hamilton Company USA, Reno, Nevada, USA) was used to inject 40 pyL of the BMP7
containing solutions or control into the NP under magnified vision (3.3x). Location of the tip
of the needle in the NP was estimated by the distance of passage through the annulus
fibrosus (AF) (1 cm), while encountering steady resistance. When the NP was reached, the
resistance decreased and the volume of 40 pL could be easily injected. The needle was
retracted slowly to allow the AF puncture site to close, and the site was inspected for
extrusion of the administered compound and rinsed with 0.9% NaCl. Postoperative pain
management in all dogs consisted of methadone 0.3 mg/kg intramuscular (i.m.) every
(g).6.h. and carprofen 4 mg/kg subcutaneously (s.c.) once a day during the first 24 hours,
and tramadol 2-5 mg/kg per os (p.o.) four times a day, and carprofen 4 mg/kg p.o. the
following 7 and 10 days, respectively. All dogs were treated postoperatively with antibiotics
(amoxicillin/clavulanic acid 12.5 mg/kg twice a day) during 5 days. Dogs were monitored
daily throughout the study to assess pain symptoms according to the short form of the
Glasgow composite pain scale®®. Dogs that showed signs of pain, received carprofen and/or
tramadol.
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Radiographic imaging and computed tomography (CT)

Radiographs and CT-scans of the T11 — S3 segment were obtained postmortem (t,4) and
were evaluated by an independent veterinary radiologist for new bone formation, end plate
sclerosis and disc protrusion (only CT). Lateral and dorsoventral radiographs were obtained
with a digital radiography system (Philips digital Rad TH, Eindhoven, The Netherlands) using
50 kVp and 5 mA. Transverse CT images were acquired with a third-generation single-slice
helical CT-scanner (Philips Secura, Eindhoven, The Netherlands). Contiguous 2 mm thick
slices with 1 mm overlap were obtained from T11 — S3 with exposure settings of 120 kV and
260 mA.

Sample collection, macroscopic grading, and histopathological grading

Dogs were euthanized 24 weeks post-injection by way of sedation with dexmedetomidine
0.04 mg/kg i.v., followed by pentobarbital 200 mg/kg i.v.. Subsequently, the vertebral
column (T12 — S1) was harvested by using an electric multipurpose saw (Bosch, Stuttgart,
Germany). All muscles were removed and the lumbar vertebrae were transected
transversely with a band saw (EXAKT tape saw, EXAKT Advanced Technologies GmbH,
Norderstedt, Germany) resulting in nine spinal units (% vertebra — endplate — IVD — endplate
— % vertebra). A diamond band pathology saw (EXAKT 312 saw; EXAKT diamond cutting
band 0.1 mm D64; EXAKT Advanced Technologies GmbH, Norderstedt, Germany), was used
to transect these units sagitally into two identical parts. From one part, the endplate and
vertebra were removed with a surgical knife and the remaining IVD tissue, containing NP
and AF, was snap frozen in liquid nitrogen and stored at -80°C for biochemical and
biomolecular analyses. The other part was photographed (Olympus VR-340, Hamburg,
Germany) for macroscopic evaluation (Thompson score) and fixed in 50 mL of 4% buffered
formaldehyde (Klinipath) at 4°C for 14 days. Images of the IVD segments were evaluated
blinded and in random order by two independent blinded investigators according to the
Thompson grading scheme, which has been validated in dogs™®.

Samples were decalcified in 35% formic acid and 6.8% sodium formate in a microwave oven
(Milestone Microwave Laboratory Systems, Italy) overnight at 37°C, during 7 nights and
embedded in paraffin®’. Sections (5 pm) were stained with hematoxylin (109249, Merck)
and eosin (115935, Merck) and with picrosirius red (saturated aqueous picric acid: 36011,
Sigma-Aldrich, sirius red: 80115, Klinipath)/alcian blue (alcian blue: 05500, Sigma-Aldrich;
glacial acetic acid: 100063, Merck) and evaluated according to a grading scheme according
to Bergknut et al.”! Histological sections were scored blinded and in random order by two
independent investigators (NW, SP) using an Olympus BX41 microscope. In case of
disagreement, samples were also scored by a board-certified veterinary pathologist (GG).

RNA isolation and qPCR of NP and AF

Cryosections (60 um) of the IVD of the remaining spinal unit (endplate — IVD) were cut with
a cryostat (Leica CM1800 cryostat, Leica Microsystems Inc., Bannockburn, USA) and
collected on RNA-se free glass slides. The NP and AF tissues were separated and half of the
tissues were collected in 400 pL and 750 pL complete lysis M EDTA-free buffer (Roche
Diagnostics Nederland B.V., Almere, The Netherlands) respectively, and stored at -80°C until
biochemical analysis. The other halves were collected in 300 pL RLT buffer containing 1% -
mercapto-ethanol (Qiagen, Venlo, The Netherlands) and stored at -80°C until biomolecular
analysis.
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Total RNA was isolated by using the RNeasy Fibrous Tissue Mini Kit (Qiagen, Venlo, The
Netherlands). The incubation period with proteinase K was reduced to five minutes to
increase RNA yield. RNA quantification and cDNA synthesis were performed in a similar way
as described for the CLC pellets in vitro. Reference genes and the subset of target genes
were similar to those determined in vitro.

GAG, DNA and collagen assays of NP and AF

To measure GAG and DNA content, the NP and AF samples were homogenized in complete
lysis M EDTA-free buffer in a Tissuelyser Il (Qiagen) for 2x 30 s at 20 Hz. The supernatant
and pellet of each NP and AF were digested overnight in papain and measurements were
performed as described in vitro. Collagen was quantified in the pellets of the NP and AF by
using a hydroxyproline assay*2. Samples were freeze-dried overnight, hydrolyzed at 108 °C
overnight in 4M NaOH, centrifuged (15 s, 14000 g) and stored at -20 °C. Prior to
measurements, samples were centrifuged (15 s, 14000 g) once more, chloramine T reagent
(2426, Merck) was added and samples were allowed to shake for 20 min at 170 rpm. Freshly
prepared dimethylaminobenzaldehyde (3058 Merck) was added, and samples were
incubated for 20 minutes at 60°C. The absorbance was read at 570nm and collagen content
was calculated from the hydroxyproline content by multiplying with a factor 7.5%2. DNA and
collagen content in the supernatants were negligible and therefore not included in the
calculations. Total GAG and collagen content were normalized to DNA content in the
sample.

Statistical analyses

All data were analyzed by using R statistical software, package 3.0.2*%. Residual plots and
quantile-quantile (Q-Q)-plots were used to check normality of the data. In case of violation,
data were logarithmically transformed. If non-normality remained after transformation,
nonparametric tests were employed. In vitro, cumulative GAG release, GAG and DNA
content, the GAG/DNA ratio and ACT values for the investigated target genes, were
statistically evaluated by using the nonparametric Kruskal-Wallis test, followed by a Mann-
Whitney U-test. The effect of the injected treatments in vivo on GAG, DNA and collagen
content, DHI, and T1lp and T2 values was analyzed with a linear mixed effect model. A
random effect ‘dog’ (dog 1-7), was incorporated to capture the correlation between
multiple measurements within one dog. For GAG, DNA and collagen analysis, factors
incorporated into the model as a fixed effect were ‘treatment’ (2.5 ug rhBMP7, 25 pug
rhBMP7, 250 pug rhBMP7, and sham), ‘tissue’ (NP and AF), and their interaction. For DHI
analysis ‘treatment’, ‘time’ (to, ts, t12, and tys), and their interaction served as fixed effect
factors. The Cox proportional hazards regression model was used to estimate the effect of
the injected treatments on gene expression levels in vivo. Calculations were performed on
the ratio of the CT values for each target gene to the mean CT value of the reference genes.
CT values > 40 were right censored. Regression coefficients were estimated by the
maximum likelihood method. Model selection was based on the lowest Akaike Information
Criteria (AIC). Differences between treatments were considered significant if the confidence
interval did not include 0, whereas hazard ratios were considered significant if the
confidence interval did not include 1. For in vitro and in vivo analyses, confidence intervals
were calculated and stated at the 99% confidence level to correct for multiple comparisons.
Significant differences and the corresponding confidence intervals are represented in
Supplementary File 3.
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Results

Effect of rhBMP7 on early degenerated canine CLC pellets in vitro

Cell maintenance and increased GAG release and content by rhBMP7

CLC pellets treated with 10 and 100 ng/mL rhBMP7 showed a dose-dependent significant
increase in cumulative GAG release into the medium compared with the negative control
(Figure 1a). Regardless of the culture condition, DNA content of the CLC pellets was
significantly lower compared with DNA content at day 0. Treatment with 100 ng/mL rhBMP7
resulted in a significantly higher DNA content at day 28 compared with the negative control
and the 10 ng/mL rhBMP7 treated CLC pellets (Figure 1b). A significant increase in GAG
content and GAG/DNA at day 28 was shown in the rhBMP7 100 ng/mL treated CLC pellets
compared with the negative control and the 10 ng/mL rhBMP7 treated CLC pellets. Safranin-
O/Fast green staining of the CLC pellets at day 28 showed a higher GAG deposition in the
matrix of the pellets treated with 100 ng/mL rhBMP7 compared with the negative control
and the 10 ng/mL rhBMP7 treated pellets (Figure 2).
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Figure 1. GAG release, GAG, DNA and GAG/DNA content in cultured nucleus pulposus cells (CLCs) treated
with 10 or 100 ng/mL rhBMP7. (a) CLC pellets treated with rhBMP7 show a significant dose-dependent
increase in cumulative GAG release into the medium compared with the negative control. (b) Regardless of the
culture condition, DNA content of the CLC pellets was significantly lower compared with DNA content at day 0
(DNA; dashed line), indicated by #. CLC pellets treated with 100 ng/mL rhBMP7 showed a significantly higher
DNA content at day 28 compared with the negative control and the 10 ng/mL rhBMP7 treated CLC pellets. (c,
d) A significant increase in GAG content and GAG/DNA at day 28 was shown in the rhBMP7 100 ng/mL treated
CLC pellets compared with the negative control and the 10 ng/mL rhBMP7 treated CLC pellets. Data are
expressed as mean + SD. **: significant difference at a 99% confidence interval (Cl); *: significant difference at
a 98% Cl; #: significant difference at a 99% ClI
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negative control 500 pm

10 ng/ml BMP-7 500 pm
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Figure 2. Representative histological images of nucleus pulposus cells (CLCs) cultured in pellets for 28 days
stained with Safranin O/Fast Green. CLC pellets treated with 100 ng/mL rhBMP7 showed a positive Safranin-
O/Fast green staining for GAGs and an increased size compared with the negative control and the 10 ng/mL
rhBMP7-treated pellets.
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Pro-anabolic and anti-apoptotic effect of rhBMP7

Expression of ECM genes ACAN and COL2A1 was significantly upregulated at day 7 in the
100 ng/mL rhBMP7-treated CLC pellets compared with the negative control and the 10
ng/mL rhBMP7 treated CLC pellets (Figure 3a). COL2A1 expression was significantly
upregulated in the 100 ng/mL rhBMP7 treated CLC pellets compared with the negative
control at day 28. Expression of COL1A1 did not differ between conditions at any of the time
points. Relative expression of the proliferative marker CCND1 was significantly upregulated
in all conditions at day 28 compared with day 7, while it was also significantly higher in the
100 ng/mL rhBMP7 treated CLC pellets at day 7 compared with the negative control.
Furthermore, CCND1 expression levels were significantly higher in the CLC pellets treated
with 10 ng/mL rhBMP7 at day 28 compared with the negative control.

Gene expression of the catabolic gene ADAMTS5 was significantly lower in the 100 ng/mL
rhBMP7 treated CLC pellets compared with the 10 ng/mL rhBMP7 treated CLC pellets at day
28 (Figure 3b). In the CLC pellets treated with 10 and 100 ng/mL rhBMP7, gene expression of
the catabolic gene MMP13 was significantly lower at day 28 compared with day 7. The
relative gene expression of the anti-catabolic gene TIMP1 was significantly higher in the
negative control and 10 ng/mL rhBMP7 treated CLC pellets at day 7 compared with day 28.
The BAX/BCL2 ratio in the 100 ng/mL rhBMP7 treated CLC pellets was significantly higher at
day 28 compared with day 7 (Figure 3c). Relative expression of the apoptotic marker CASP3
was significantly downregulated at day 28 in the 10 and 100 ng/mL rhBMP7 treated CLC
pellets. Altogether, these results show a stimulatory effect of 100 ng/mL rhBMP7 on matrix
anabolism, that seemed most profound at day 7, and an anti-apoptotic effect, most
profound at day 28.

Intradiscal application of rhBMP7 in laboratory Beagle dogs

No regenerative changes of rhBMP7 at IVD level on macroscopy and T2W MR images

All dogs recovered uneventfully from surgery and were ambulant the next day. During
follow-up all dogs were treated with analgesics and antibiotics in accordance with the
protocol described under ‘surgical procedure’, and none of the dogs required additional
medication. Before surgery a total of 63 IVDs were graded on T2W MR images (to). 62/63
IVDs were assigned a grade Il according to the Pfirrmann system, whereas 1 IVD was
assigned a grade IIl. A total of 42 grade Il IVDs were injected. In 61/63 IVDs, the Pfirrmann
scores remained unchanged over time. The IVD that was assigned a grade Ill at to, was
assigned a grade Il at all subsequent time points, and 1 IVD, treated with the sucrose buffer,
that was scored a grade Il at to, was re-graded a Pfirrmann score IIl. Postmortem, 62/63 IVDs
were assigned a Thompson score grade Il, consistent with early IVD degeneration, whereas
1 1VD, treated with 250 pg rhBMP7, was assigned a grade IV.
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Figure 3. Relative gene expression of relevant target genes in nucleus pulposus cells (CLCs) cultured in pellets
at day 7 and 28. (a) Anabolic markers: aggrecan (ACAN), collagen type 2 alpha 1 (COL2A1), cyclin-D1 (CCND1);
(b) Catabolic markers: a disintegrin and metalloproteinase with thrombospondin motifs 5 (ADAMTS5), matrix
metalloproteinase 13 (MMP13), tissue inhibitor of metalloproteinase 1 (TIMP1); (c) apoptotic markers: caspase
3 (CASP3), B-cell lymphoma 2-associated X (BAX), and B-cell lymphoma 2 (BCL2) in non-treated (negative
control) and 10 and 100 ng/mL rhBMP7 treated CLC pellets. Data are expressed as relative expression + SD,
except for the BAX/BCL2 ratio. **: significant difference at a 99% confidence interval (Cl); *: significant
difference at a 98% Cl; 6: significant difference at a 97% Cl; e: significant difference at a 96% Cl.

Extradiscal new bone formation after intradiscal injection of 25 and 250 ug rhBMP7

In 1/63 IVDs, extensive new bone formation was noted on the ventral aspect on MRl at 6, 12
and 24 weeks post-surgery (tg, tio, and ty). Ventral bone formation was noted on
macroscopy postmortem in this particular IVD and in another (2/63 IVDs). The IVD that was
scored a Thompson grade IV showed rupturing of the dorsal AF, with NP material extending
into the spinal canal, irregularity of the endplates, and focal sclerosis in the subchondral
bone (Figure 4). CT images of this dog showed symmetric extensive bulging of the L7-S1 IVD
(lumbosacral junction) that had been injected. In 4/63 IVDs, radiographs and CT images
revealed marginated extradiscal new bone formation ventrally, laterally (left) and ventro-
laterally (right side) in combination with mild sclerosis of the underlying bone postmortem
(Figure 4). In 3/42 IVDs these findings were associated with treatment with 250 ug rhBMP7,
in 1/42 with 25 pg rhBMP7. In 2/63 IVDs mineralization was shown on CT images; one of
these IVDs had been injected with 2.5 pug rhBMP7, whereas the other one had not been
injected. DHI, T2-values, as well as T1p-values did not show significant differences between
treatments over time.
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Figure 4. Extradiscal bone formation after intradiscal injection of rhBMP7. Radiography, computed
tomography (CT), macroscopy, and histology of intervertebral discs (IVDs) injected with 2.5 ug (a), 25 ug (b),
and 250 pg (c, d) rhBMP7. (a) Unremarkable findings after injecting 2.5 pug rhBMP7 into the intervertebral disc
(IVD). The histological image shows a typical example of an early degenerated NP, consisting of clusters of
chondrocyte-like cells. (b) On the left lateral site of the vertebral column extradiscal new bone formation is
shown on the radiograph and CT image (white arrow) next to the IVD injected with 25 pug rhBMP7. Histology
was consistent with early degenerative changes in the IVD as shown in A. (c) Extradiscal new bone formation
ventrally of the vertebral column and sclerosis of the ventral vertebral cortex is shown on radiography (white
arrow), CT, macroscopy and histology (double asterisk) after injecting 250 pg rhBMP7 into the IVD. (d)
Rupturing of the dorsal AF, and protrusion of NP material into the spinal canal (black arrow) on CT,
macroscopy and histology image of an IVD injected with 250 ug rhBMP7. Irregularity of the endplates, and
focal sclerosis in the subchondral bone (white arrowheads) was seen on macroscopy and confirmed on
histology (not shown in this image). L=lumbar vertebra, F=facet joint, SC=spinal cord, Tr=transverse process,
I=ilium, NP=nucleus pulposus, EP=endplate, AF=annulus fibrosus, S=sacral vertebra

160



BMP7

Anti-apoptotic effect of 250 ug rhrBMP7

All IVDs were evaluated histopathologically according to the grading scheme according to
Bergknut et a/**. The median histological grade was 13 (range: 8 — 20) and there were no
significant differences between the treatments. In the IVD treated with 250 ug rhBMP7 that
was scored a Thompson grade IV, NP material and fibroblasts were present in the outer AF.
Furthermore, in two IVDs treated with 250 ug rhBMP7, bone formation was confirmed.
The BAX/BCL2 ratio in the IVDs (NP and AF) treated with 250 pg rhBMP7 were significantly
upregulated compared with the IVDs (NP and AF) treated with the sham and 25 pug rhBMP7,
suggestive of an anti-apoptotic effect of 250 ug rhBMP7. Relative gene expression of CASP3
in the NP was significantly higher than in the AF in all treatments, indicative of a higher
apoptotic rate in the NP (Figure 5).
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Figure 5. Relative gene expression of genes associated with apoptosis. Relative gene expression of caspase 3
(CASP3), B-cell lymphoma 2-associated X (BAX)/B-cell lymphoma 2 (BAX/BCL2) ratio in the nucleus pulposus
(NP) (open bars) and the annulus fibrosus (AF) (filled bars) injected with a sucrose buffer (sham), 2.5, 25, or
250 pg rhBMP7, were indicative of an anti-apoptotic effect of 250 ug rhBMP7. The sham treated NP was used
as a reference, and was set at 1 (dashed line). Data are expressed as n-fold change + SD. **: significant
difference at a 99% confidence interval (Cl); e: significant difference at a 96% Cl.

No anabolic effects of rhBMP7 on extracellular matrix

No significant differences in GAG corrected for DNA, nor in collagen corrected for DNA were
found between the treatments in the NP or the AF (Figure 6a). Regardless of the treatment,
GAG/DNA in the NP was significantly higher than in the AF, consistent with the known
physiological differences in matrix composition at protein level between the NP and the AF.
These physiological differences were also reflected by relative gene expression, as gene
expression levels of COL2A1 were significantly higher in the NP than in the AF, and the
expression levels of COL1A1 were significantly lower in the NP than in the AF (Figure 6b).
Relative gene expression of anabolic (ACAN, COL2A1, COL1A1), catabolic (MMP13) and anti-
catabolic (TIMP1) genes did not significantly differ between treatments. Gene expression of
ADAMTS5, and BMP receptors BMPR1A, and BMPR1B were below the detection level in
both the NP and the AF, independent of treatment. BMP7 receptor BMPR2, and the
downstream target of the BMP7 signaling pathway gene /D1, did not significantly differ
between the treatments. Relative gene expression of BMP signaling inhibitor NOG varied a
lot regardless of the groups and was significantly higher in IVDs treated with 25 pg
compared with 2.5 pg and sham treated IVDs (Supplementary File 4).
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Figure 6. Relative gene expression of matrix-related target genes and DNA, GAG, and collagen content in
IVDs injected with rhBMP7. (a) GAG/DNA and collagen/DNA did not significantly differ between the
treatments. GAG/DNA in the nucleus pulposus (NP) (open bars) was significantly higher than in the annulus
fibrosus (AF) (filled bars). (b) Relative gene expression of collagen type 2 alpha 1 (COL2A1) and collagen type 1
alpha 1 (COL1A1) did not significantly differ between treatments. Gene expression levels of COL2A1 were
significantly higher in the NP than in the AF, whereas the expression levels of COL1A1 were significantly lower
in the NP than in the AF. GAG/DNA and collagen/DNA are expressed as mean + SD, and COL2A1 and COL1A1 as
relative expression + SD. **: significant difference at a 99% confidence interval (Cl).

Discussion

In this study we first showed that 100 ng/mL rhBMP7 was biologically active in canine CLCs
from mildly, spontaneously degenerated IVDs in vitro. Treatment with 100 ng/mL rhBMP7
stimulated matrix production by canine CLC pellets isolated from degenerated discs,
reflected by a significant higher expression of ACAN and COL2A1 seen at day 7 and a
significant increase in GAG release and deposition mainly seen at day 28 of culture.
Treatment with 10 ng/mL rhBMP7 showed a significant increase in GAG release compared
with the negative control, but did not result in increased GAG deposition. This is most likely
due to a suboptimal balance in GAG and collagen synthesis and breakdown, resulting in the
inability to deposit GAGs in a newly formed collagen network. During pellet culture, in the
absence of rhBMP7, DNA content decreased significantly over time. CLC pellets treated with
rhBMP7 showed preservation of the DNA content at initial levels, with a significant
upregulation of the biomolecular proliferative marker CCND1 limited to day 7, and a
significant downregulation of the pro-apoptotic marker CASP3 and an increase of the
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BAX/BCL2 ratio at day 28. Our findings are consistent with the pro-anabolic and anti-
apoptotic properties of rhBMP7 that have been shown in vitro in NP cells of different
species, i.e. bovine, rabbit, human® 12133435

Next, we aimed at determining the safe and optimal regenerative dose of rhBMP7 for
intradiscal application in a spontaneous canine disc degeneration model. However,
intradiscal injection of a wide dose range of rhBMP7 (2.5 — 250 pg) did not result in
regeneration of the canine IVD. In contrast to what has been described in rabbit models,
extracellular matrix production in the NP and the AF did not differ between treatments. It
should be noted that our data analysis is limited by the absence of wet weight data of the
samples and that the necessary correction for DNA content might have leveled out the
effects between treatments. However, disc height index, T2, and T1p maps and histological
grading did not differ between treatments confirming the biochemical data and hence
corroborating the absence of a regenerative effect after intradiscal application of a wide
range of dosages of rhBMP7.

Contrasting findings between the current canine model based on spontaneous degeneration
and the healthy or rabbit models of induced IVD degeneration, are most likely related to
differences in disc size and cell types that populate the NP. Cell type variation related to
differences in genetic background may play a role, with a concomitant difference in
degenerative, as well as regenerative pathways. Notochordal cells (NCs) are thought to play
a key role in regeneration®. In rabbits, NCs are retained in the NP at least until 12 months of
age, while in humans NCs are lost before 4-10 years of age, and in chondrodystrophic dogs,
e.g. Beagles, before 1 year of age®. Although induction of rabbit IVD degeneration by
trauma is accompanied by an inflammatory response, and ultimately results in decreased
amounts of extracellular matrix, a clear loss in disc height, and replacement of notochordal
cells by chondrocyte-like and fibroblast-like cells, persistence of notochordal cells cannot be
ruled out.

Nevertheless, early degenerated canine CLCs in culture respond in a similar way to rhBMP7
as rabbit NP cells, also suggestive of differences in rhBMP7 activity in vitro and in vivo in the
canine model. The anabolic and anti-apoptotic effect of rhBMP7 on the tissue cells is
mediated via specific BMP receptors that activate the intracellular signaling protein
Smad1/5/8. The latter then forms a complex with Smad4, and the complex translocates into
the nucleus and regulates transcription of target genes. BMP7 in addition, upregulates
natural BMP antagonists, e.g. NOG, that block the binding sites of the BMP receptors,
thereby bringing rhBMP7 in an inactive state®. Relative gene expression of NOG was
significantly upregulated in IVDs treated with 25 pg vs 2.5 pg and sham treated IVDs,
indicating that BMP antagonists may indeed play a role in the regulation of in vivo BMP7
signaling. Given that the BMP signaling pathway is complicated, we can only speculate on
the possible confounding effects limiting the biological effect of rhBMP7 in vivo after 6
months follow-up, including availability of BMP receptors, activity of NOG, and the presence
and ability of proteases in the degenerated IVD to degrade rhBMP7. Another explanation for
the differences in vitro and in vivo, was the addition of rhBMP7 biweekly in vitro, while a
single dose was applied intradiscally in vivo. Protein activity in vivo is likely to be lost quickly,
due to a short biological half-life and by diffusion out of the tissue*°. The bioavailability of
rhBMP7 in vivo could be increased by using controlled-release systems, e.g. hydrogels or
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microspheres, that allow a sustained release of rhBMP7 over a prolonged period of time, or
by vector-mediated introduction of BMP7 encoding genes.

Strikingly, mild to severe extradiscal new bone formation was seen after intradiscal
administration of 25 pg and 250 pg rhBMP7 in our canine model. Induction of bone
formation requires three essential components: an osteo-inductive signal, a substratum and
interactive host cells. The surgical procedure, associated with tissue injury, might have
provided the chemotactic stimulus for the recruitment of required mesenchymal precursor
cells. The application of rhBMP7 might have provided the osteo-inductive stimulus for
chondro-osteogenic differentiation, resulting in ectopic bone formation. Although
suboptimal delivery of BMP7 by our injection technique might have played a role, the
rhBMP7 might also have diffused out of the NP. This phenomenon was also described
previously in a rabbit model in which osteophyte formation was induced by intradiscal
injection of labelled mesenchymal stem cells*’. Diffusion of rhBMP7 out of the IVD may have
been enhanced by biomechanical forces and/or disorganization of the lamellar structure of
the AF that are part of the early IVD degeneration processz. Various dosages of rhBMP7,
ranging from 0.005 pg — 2 mg, with or without a carrier, have been reported to induce
endochondral bone formation in extraskeletal sites (muscle, subcutis, tendon, thyroid
cartilage, and subdural space) and in several species, e.g. baboons, rats, and dog56'41'44. In
all these studies, the microenvironment appeared to be an essential component in tissue
regeneration. Indeed, in humans rhBMP7 is approved for the treatment of non-unions of
long bones and the pelvis, and posterior lumbar fusion®. rhBMP7 is frequently used in man,
however, adverse effects, such as ectopic bone formation, are only occasionally reported45"
47 Based on statements of researchers in reviews from 2008 and 2011, a multicenter clinical
trial in the U.S. was started, in which BMP7 was intradiscally injected into human patients
with degenerative disc disease*® *°. However, thus far, results have not been published.

Conclusions

An anabolic effect of rhBMP7 on extracellular matrix production of canine CLCs isolated
from early degenerated IVDs was shown in vitro. Despite intradiscal administration of a wide
dose range of rhBMP7 (2.5 — 250ug) in spontaneously early degenerated canine IVDs, we
did not observe regenerative effects at the IVD level. In fact, injection of 250 ug rhBMP7,
and to a lesser extent 25 ug rhBMP7, resulted in extensive extradiscal bone formation.
Altogether, this study indicates that additional issues need to be addressed before
intradiscally applied rhBMP7 can be translated into a clinical application to treat low back
pain in human and canine patients.
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Supplementary file 1. Primers used for quantitative PCR

BMP7

Gene Forward sequence 5’ -> 3’ Reverse sequence 5’ -> 3’ A.mphcon Anneal:ng
size temp (°C)

Reference genes

GAPDH TGTCCCCACCCCCAATGTATC CTCCGATGCCTGCTTCACTACCTT 100 58

RPS19 CCTTCCTCAAAAAGTCTGGG GTTCTCATCGTAGGGAGCAAG 95 61

SDHA GCCTTGGATCTCTTGATGGA TTCTTGGCTCTTATGCGATG 92 61

HPRT AGCTTGCTGGTGAAAAGGAC TTATAGTCAAGGGCATATCC 104 58

Target genes

ACAN GGACACTCCTTGCAATTTGAG GTCATTCCACTCTCCCTTCTC 111 62

COL2A1 GCAGCAAGAGCAAGGAC TTCTGAGAGCCCTCGGT 151 62

COL1A1 GTGTGTACAGAACGGCCTCA TCGCAAATCACGTCATCG 109 61

ADAMTS5  CTACTGCACAGGGAAGAG GAACCCATTCCACAAATGTC 149 61

MMP13 CTGAGGAAGACTTCCAGCTT TTGGACCACTTGAGAGTTCG 250 65

TIMP1 GGCGTTATGAGATCAAGATGAC ACCTGTGCAAGTATCCGC 120 66

CCND1 GCCTCGAAGATGAAGGAGAC CAGTTTGTTCACCAGGAGCA 151 60

BAX CCTTTTGCTTCAGGGTTTCA CTCAGCTTCTTGGTGGATGC 108 59

BCL2 TGGAGAGVGTCAACCGGGAGATGT AGGTGTGCAGATGCCGGTTCAGGT 87 62

CASP3 ATCACTGAAGATGGATGGGTTGGGTT TGAAAGGAGCATGTTCTGAAGTAGCACT 139 58

Primers used for gPCR analysis of reference genes glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
ribosomal protein S19 (RPS19), succinate dehydrogenase complex, subunit A, flavoprotein variant (SDHA), and
hypoxanthine-guanine phosphoribosyltransferase (HPRT), and target genes aggrecan (ACAN), collagen type Il
(COL2A1), collagen type | (COL1A1), a disintegrin and metalloproteinase with thrombospondin motifs
(ADAMTS5), matrix metalloproteinase 13 (MMP13), tissue inhibitor of metalloproteinase 1 (TIMP1), cyclin-D1
(CCND1), B-cell ymphoma 2-associated X (BAX), B-cell lymphoma 2 (BCL2) and caspase 3 (CASP3).
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Supplementary file 2. ALP activity rhRBMP7

Induction of ALP activity by rhBMP7 from two different manufacturers in vitro

rhBMP7 of manufacturers R&D and ProsPec-Tany were evaluated for their activity to induce
ALP activity in mice ATDCS cells. Cells were plated on 24-well plates (Greiner Cellstar,
Alphen a/d Rijn, The Netherlands) at a density of 4*10* cells/plate. After 24 hours, standard
differentiation culture medium with 100 ng/mL BMP7 was added, and cells were cultured
for another 72 hours and total ALP activity was measured kinetically in the cell lysate in a
kinetic microplate reader at 405 nm (Bio-Rad Benchmark, Veenendaal, The Netherland). A
volume of 50 L of the cell lysate incubated was with 50 uL p-nitrophenyl phosphate for 20
minutes. rhBMP7 of ProsPec-Tany induces a higher ALP activity compared with rhBMP7 of
R&D at the same concentration:

ALP activity assay
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rhBMP7 of ProsPec-Tany induces a higher ALP activity compared with rhBMP7 of R&D at the same
concentration in ATDC5 cells undergoing differentiation.

Induction of ALP activity by rhBMP7 dialysate in vitro

After dialysis of the rhBMP7 (ProsPec-Tany) biologic activity of the dialysate was determined
by induction of ALP activity in mice ATDC5 cells (ProsPec-Tany) and compared to pre-
dialyzed BMP7 at the same concentration. The dialysate of ProsPec-Tany retained its
biological activity:

ALP activity assay

a
° T
14
T
0 T T
50 100 50 100
“ng/ml= =ng/mi=
non-dialyzed dialyzed

Dialyzed rhBMP7 retained its biological activity at similar levels as the non-dialyzed product.
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Supplementary file 3. Significant differences and the corresponding confidence intervals

Table 1. Statistical analyses performed on data of the in vitro experiment

Condition Vs Condition Difference in Confidence interval Cl p-
location* (C1) (%) value
Figure 1. DNA, GAG and GAG/DNA content in pellets containing nucleus pulposus cells
GAG release
control 10 ng/mL rhBMP7 -25.40 -44.51--3.93 99 0.008
control 100 ng/mL rhBMP7 -125.26 -165.73 —-88.63 99 0.008
10 ng/mL rhBMP7 100 ng/mL rhBMP7 -101.49 -143.78 —-63.23 99 0.008
DNA content
control at day 7 day 0 1.09 0.36-1.73 99 0.008
10 ng/mL rhBMP7 day 0 1.07 0.23-1.76 99 0.008
atday 7
100 ng/mL rhBMP7 day 0 0.65 0.16—1.45 96 0.03
atday 7
control at day 28 day 0 1.41 0.91-2.00 99 0.009
10 ng/mL rhBMP7 day 0 1.33 0.85-1.88 99 0.009
at day 28
100 ng/mL rhBMP7 day 0 0.93 0.21-1.52 99 0.008
atday 7
control at day 7 control at day 28 0.27 0.09-0.73 99 0.009
10 ng/mL rhBMP7 10 ng/mL rhBMP7 0.54 0.04-0.74 98 0.01
atday 7 at day 28
10 ng/mL rhBMP7 100 ng/mL rhBMP7 -0.40 -0.76 —-0.24 99 0.009
at day 28 at day 28
control at day 28 100 ng/mL rhBMP7 -0.30 -0.88 —-0.30 99 0.009
at day 28
GAG content
10 ng/mL rhBMP7 at day 100 ng/mL rhBMP7 -6.41 -13.74--1.27 99 0.008
28 at day 28
control at day 28 100 ng/mL rhBMP7 -6.42 -13.74--1.80 99 0.007
at day 28
GAG content/DNA content
10 ng/mL rhBMP7 100 ng/mL rhBMP7 -8.2 -15.49--0.39 99 0.008
at day 28 at day 28
control at day 28 100 ng/mL rhBMP7 -8.2 -15.49--2.48 99 0.007
at day 28
*Difference in location estimates the median of the difference between condition x and condition y.
Table 2. Statistical analyses performed on data of the in vivo experiment
Protein Condition ' Condition Hazard ratio Confidence interval (Cl) Cl p-value
(HR) (%)
Figure 5. Relative gene expression of genes associated with apoptosis
CASP3 NP AF 2.13 1.02-4.44 96 0.03
BAX/BCL2 250 pg Sham 7.05 1.07-12.52 98 0.02
rhBMP7
25 g 250 pg rhBMP7 0.26 0.08 -0.89 99 0.005
rhBMP7
Figure 6. Relative gene expression of matrix-related target genes and DNA, GAG, and collagen content in IVDs
COL1A1 NP AF 0.22 0.08 -0.61 99 0.0001
COL2A1 NP AF 2.46 1.07 - 5.65 99 0.006
GAG/DNA NP AF 1.13 0.99-1.26 99 <0.0001
Supplementary file 4. Relative gene expression of BMP antagonist noggin (NOG) in IVDs injected with rhBMP7
NOG 25 ug 2.5 ug rhBMP7 0.12 0.02-0.63 99 0.0009
rhBMP7
25 g sham 0.15 0.03-0.73 99 0.002
rhBMP7

169



Chapter 6

Supplementary file 4. Relative gene expression of noggin in IVDs injected with rhRBMP7
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Relative gene expression of BMP antagonist noggin (NOG) in canine IVDs injected with rhBMP7.
**. significant difference at a 99% confidence interval (Cl)
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Abstract

Chronic back pain is related to intervertebral disc (IVD) degeneration and dogs are
employed as animal models to develop growth factor- and cell-based regenerative
treatments. In this respect, the differential effects of transforming growth factor beta-1
(TGF-B;1) and bone morphogenetic protein-2 (BMP2) on canine and human chondrocyte-like
cells (CLCs) derived from the nucleus pulposus of degenerated IVDs were studied. Human
and canine CLCs were cultured in 3D micro-aggregates in basal culture medium
supplemented with/without TGF-B; (10 ng/mL) or BMP2 (100 or 250 ng/mL). Both TGF-B;
and BMP2 increased proliferation and GAG deposition of human and canine CLCs. TGF-B;
induced collagen type | deposition and fibrotic (re)differentiation, whereas BMP2 induced
more collagen type Il deposition. In dogs, TGF-B; induced Smadl and Smad2 signaling,
whereas in humans, it only tended to induce Smad2 signaling. BMP2 supplementation
increased Smad1 signaling in both species. This altogether indicates that Smad1 signaling
was associated with collagen type Il production, whereas Smad2 signaling was associated
with fibrotic CLC (re)differentiation. As a step towards preclinical translation, treatment with
BMP2 alone and combined with mesenchymal stromal cells (MSCs) was further investigated.
Canine male CLCs were seeded in albumin-based hydrogels with/without female bone
marrow-derived MSCs (50:50) in basal or 250 ng/mL BMP2-supplemented culture medium.
Although the results indicate that a sufficient amount of MSCs survived the culture period,
total GAG production was not increased and GAG production per cell was even decreased
by the addition of MSCs, implying that MSCs did not exert additive regenerative effects on
the CLCs.
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Introduction

Low back pain is a major cause of disability1 and has been associated with intervertebral disc
(IVD) degenerationz. The IVD consists of an outer annulus fibrosus and inner nucleus
pulposus (NP), and provides flexibility to the spine. The NP cell phenotype changes during
maturation of the IVD: a shift from typical large, vacuolated notochordal cells (NCs) towards
smaller chondrocyte-like cells (CLCs). During IVD degeneration, the glycosaminoglycan
(GAG) and water content of the NP decreases. IVD disease is currently treated by
physiotherapy, medication, and surgery to reduce pain, but these therapies only relieve
symptoms and do not achieve IVD repair. Therefore, there is increasing interest in
regenerative strategies stimulating functional IVD restoration, including growth factor
supplementation and/or cell transplantation3.

Extracellular matrix (ECM) synthesis and cell proliferation can be stimulated with growth
factors, such as members of the transforming growth factor beta (TGF-B) superfamily, e.g.
TGF-B; and bone morphogenetic protein-2 (BMP2). Members of this family transduce their
signals by phosphorylation of the type | receptor by the type Il receptor. Generally, type |
receptors ALK1, ALK2, ALK3, and ALK6 are activated by BMPs and phosphorylate Smad1/5/8,
whereas ALK4, ALK5, and ALK7 are activated by TGF-B and phosphorylate Smad2/3"%. After
phosphorylation, Smad2/3 and 1/5/8 form complexes with Smad4, translocate to the
nucleus, and assemble target gene transcription. Subsequently, Smad2/3 and 1/5/8 target
distinctive genes, resulting into differential effects®>. TGF-B and BMP2 have already been
tested in vitro®® and in vivo in animal models with experimentally induced VD
degenerationg'n.

Growth factor stimulation alone may, however, be insufficient for IVD repair, since cell
viability is impaired in degenerated IVDs*. Combined cell- and growth factor-based therapy
may solve this problem™™**. Mesenchymal stromal cells (MSCs) are an emerging cell source
for regenerative treatments. They can be isolated from various tissues, e.g. bone marrow
and adipose tissue, and can differentiate into different cell types, e.g. osteoblasts,
adipocytes and chondrocytes™® Y. Tissue regeneration can be supported by MSCs because
of their immunosuppressive properties and the trophic factors they secrete’®, Affirmatively,
MSC transplantation increased ECM synthesis in animal models with experimentally induced
IVD degenerationlg"zs.

While the aforementioned growth factors have been studied separately, their differential
effects on the IVD have not been addressed. Therefore, in this study the effect of TGF-B;
and BMP2 was determined on canine and human CLCs derived from degenerated IVDs.
Since dogs suffer from spontaneous IVD degeneration with similar characteristics as
observed in humans, they are considered a valid in vivo animal model for human IVD
degeneration’®. Based on physical appearance, dog breeds can be divided into
chondrodystrophic (CD) and non-chondrodystrophic (NCD)?’. CD dogs have short bowlegs
due to disrupted endochondral ossification. This polygenetic trait has strongly been linked
with IVD degeneration. In CD dogs, replacement of NCs by CLCs in the NP starts already
before one year of age. IVD disease occurs frequently and develops around 3-7 years of age,
usually in the cervical or thoracolumbar spine?’. In contrast, in NCD dogs, NCs remain the
predominant cell type until later in life. If IVD disease develops, it usually occurs around 6—8
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years of age due to wear-and tear, in the caudal cervical or lumbosacral spine27. Since CD
and NCD dogs show differences in cause, prevalence, and age of onset of IVD degeneration,
the regenerative potential of their CLCs could differ from each other, but also from human
CLCs. Therefore, we aimed to define whether CD and/or NCD dogs were, besides a valid in
vivo, also a suitable in vitro animal model for growth factor-based treatment of human IVD
degeneration. Lastly, as a step towards preclinical translation, the additive regenerative
effect of MSCs on growth factor-based treatment of IVD disease was studied in an albumin-
based hydrogel that has already been employed in vivo for intradiscal cell delivery®.

Material and Methods

The effect of TGF-B; and BMP2 on canine and human CLC micro-aggregates

IVD tissue sources

CLCs of 3 human (2 females, 1 male, 47-63 years), 4 chondrodystrophic (CD; Beagles, male,
3-10 years) and 4 non-chondrodystrophic (NCD; 2 mixed breed dogs, 1 Jack Russell terrier, 1
German Shepherd dog, 3 females, 1 male, 2-11 years) canine donors were obtained from
Thompson grade Il IVDs. The NPs from all human and canine donors contained
approximately 100% CLCs. During standard postmortem diagnostic procedures at the
University Medical Centre (UMC) Utrecht, the L2-L5 part of the human spine was collected.
Anonymous use of redundant tissue for research purposes is a standard treatment
agreement with patients in the UMC Utrecht (Local Medical Ethical Committee number 12-
364). The material was used in line with the ‘Proper Secondary Use of Human Tissue’ code
installed by the Federation of Biomedical Scientific Societies. Canine spines were collected
from dogs euthanized in unrelated research studies (University 3R-policy, approved by the
Utrecht University Animal Ethics Committee) and client-owned dogs submitted for necropsy
to the Department of Pathobiology (Faculty of Veterinary Medicine, Utrecht University).
Briefly, NPs were digested by 0.15% pronase (45 min) and 0.15% collagenase (overnight)
treatment. The CLCs were stored in hgDMEM+Glutamax (1966, Invitrogen) with 10% Fetal
Bovine Serum and 10% DMSO (-196°C) until use.

Cell culture

First, the CLCs were expanded at 21% O,, 5% CO,, 37°C*°. The CLCs were pooled at passage 2
in order to have biological representative samples of the respective populations. Human,
NCD, and CD canine micro-aggregates of 35,000 CLCs were formed in low-adherence cell-
repellent surface 96-well plates (650970, CELLSTAR® Greiner Bio-one) in 50 uL basal culture
medium/well: hgDMEM+Glutamax, 1% P/S (P11-010, GE Healthcare Life Sciences), 1% ITS+
premix (354352, Corning Life Sciences), 0.04 mg/mL L-proline (P5607, Sigma-Aldrich), 0.1
mM Ascorbic acid 2-phosphate (A8960, Sigma-Aldrich), and 1.25 mg/mL Bovine Serum
Albumin (A9418, Sigma-Aldrich). The 96-well plates were centrifuged for 5 min at 50 g to
stimulate micro-aggregate formation. The next day, basal culture medium was replaced with
basal culture medium either or not supplemented with growth factors at a concentration
well-known to be biologically active® 3% 10 ng/mL human recombinant TGF-B; (240-B,
R&D Systems), 100 ng/mL (BMP24q0) or 250 ng/mL (BMP2,59) human recombinant BMP2
(pharmaceutical quality, gift from TETEC AG). The micro-aggregates were cultured at 21%
0,, 5% CO,, 37°C for 28 days.
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Gene expression profiling

Micro-aggregates were collected at day 7 (n=7). RNA isolation, cDNA synthesis, and RT-qPCR
were performed as described previously?. Primer specifications for all canine and human
reference and target genes are given in Supplementary File 1.

DNA and GAG content and release
Micro-aggregates were collected at day 28 (n=7). DNA and GAG sample preparation was
performed as described previously”. The GAG content of the micro-aggregates was
determined using a dimethyl methylene blue (DMMB) assay*2. The DNA content was
measured using the Qubit® dsDNA High Sensitivity Assay Kit (Q32851, Invitrogen) according
to the manufacturer’s instructions.

Histology

At day 28, the micro-aggregates were fixed in 4% neutral buffered formaldehyde (4286,
Klinipath B.V.) with 1% eosin (115935, Merck Millipore) and embedded in 2.4% alginate and
paraffin. Five um sections were mounted on Microscope KP+ slides (KP-3056, Klinipath B.V.).
Alizarin Red S%, Safranin O/Fast Green staining and Collagen type 1, I, and X
immunohistochemistry?® was performed as described previously using collagen | mouse
monoclonal antibody (0.07 pg/mL (canine) and 0.1 pg/mL (human), ab6308, Abcam),
collagen Il mouse monoclonal antibody (0.02 pg/mL (canine) and 0.4pg/mL (human), II-
116B3, DSHB) and collagen X mouse monoclonal antibody (2031501005, Quartett). In isotype
controls, normal mouse 1gG, (3877, Santa Cruz Biotechnology) showed no aspecific staining.
The positive control for collagen type X (growth plate) showed specific staining.

pSmad1 and pSmad2 ELISA

200,000 human, CD, and NCD canine CLCs (n=4) were plated per well (12-wells plate,
665180, Greiner CELLSTAR®) in expansion medium. After 2 days, the expansion medium
was replaced with basal culture medium with/without 10 ng/mL TGF-B; or 250 ng/mL
BMP2. After 24 hours of growth factor treatment, cells were homogenized in RIPA buffer
containing 0.6 mM phenylmethylsulphonyl fluoride, 17 pg/mL aprotinin and 1 mM sodium
orthovanadate (Sigma-Aldrich). Protein concentrations were measured using the Qubit®
Protein Assay Kit (Q32851, Invitrogen) and ELISAs for pSmadl (SER463/465, PEL-SMAD1-
S463, RayBiotech) and pSmad2 (S245/250/255, PEL-SMAD2-S245, RayBiotech) were
performed according to the manufacturer’s instructions.

The effect of BMP2 on canine CLCs and MSCs in a hydrogel

The same CD and NCD canine CLC donor pools were used as described for the micro-
aggregate experiments. Bone marrow-derived MSCs were obtained from a Beagle (CD) and
a mixed breed dog (NCD) (both female, 2-years-old), which were euthanized in unrelated
research studies. The MSCs were isolated, expanded, and characterized®®. Thereafter, CLCs
and MSCs were incorporated in 40 pL hydrogels composed of albumin crosslinked by
polyethylene glycol spacers to hyaluronic acid® (3*10° CLCs/mL hydrogel (CLC), 1.5%10°
CLCs/mL hydrogel + 1.5¥10° MSCs/mL hydrogel (CLC:MSC) and 1.5%10° CLCs/mL hydrogel (%
CLC)) and cultured in basal culture medium with/without 250 ng/mL BMP2 at 21% O,, 5%
CO,, 37°C for 28 days. Since the differentiation potential of canine MSCs differs between
breeds*, it was decided to only combine CLCs and MSCs of one breed: CD (Beagle) CLCs +
CD (Beagle) MSCs and NCD (mixed breed) CLCs + NCD (mixed breed) MSCs.
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DNA and GAG content measurements (n=8), Safranin O/Fast Green staining and collagen
type | and Il immunohistochemistry (n=3) was performed as described above, with
adjustment of the pH of the papain and DMMB solution to 6.8 and addition of 2.16 M
guanidinium chloride to mask the hyaluronic acid. To determine the fate of the MSCs after
28 days, the CLC (male): MSC (female) ratio was determined by SRY:GAPDH PCR on genomic
DNA isolated from 20 uL papain digested sample using the DNEasy Blood and tissue kit
(69581, Qiagen). The DNA was diluted 10x and used for SRY or GAPDH qPCR (Supplementary
File 1). To determine the samples male DNA percentage, a standard series with known
female:male genomic DNA amounts was used. Cq SRY:Cq GAPDH was used to interpolate the
amount of male DNA in the samples from that of the known standard series.

Statistical analysis

Statistical analyses were performed using IBM SPSS statistics 22. Data were examined for
normal distribution using a Shapiro Wilks test. General linear regression models based on
ANOVAs were used for normally distributed data and Kruskal Wallis and Mann-Whitney U
tests for non-normally distributed data. To correct for multiple comparisons, a Benjamini &
Hochberg False Discovery Rate post-hoc test was performed. p-values < 0.05 were
considered significant.

Results

The effect of TGF-B; and BMP2 on CLC proliferation and apoptosis

The effects of 100 and 250 ng/mL BMP2 (BMP2,q and BMP2,s5, respectively) and 10 ng/mL
TGF-B; were determined on micro-aggregate cultures of CD and NCD canine and human
CLCs from degenerated IVDs. The DNA content of the human, CD and NCD canine micro-
aggregates was significantly increased by TGF-B;, BMP2140 and BMP255, treatment compared
with controls, with the lowest increase in BMP2jg-treated micro-aggregates (Figure 1a,
p<0.01). TGF-B; induced the highest DNA content in human (p<0.01) and CD canine
(p<0.001) micro-aggregates, whereas in NCD canine micro-aggregates, TGF-Byand BMP2,s
were equally potent in this respect. At day 7, expression of proliferation marker CCND1 was
not increased by TGF-B; in human nor canine CLCs, while both BMP2 concentrations
induced CCND1 expression compared with controls in CD canine and human CLCs (p<0.05,
Supplementary File 2).

In BMP21go-treated CD and NCD canine and in BMP2,so-treated CD canine micro-aggregates,
a central area containing cells with karyorrhexis and pyknosis was observed, while there
were no signs of apoptosis in the human micro-aggregates (Figure 2). BMP2,50, however,
significantly reduced apoptosis marker BAX expression in NCD canine CLCs (p<0.05,
Supplementary File 2) and tended to decrease BAX expression compared with controls in
human and CD canine CLCs (p<0.1). Expression of BAX was significantly decreased by TGF-$;
in CD and NCD canine CLCs compared with controls (p<0.05).

The effect of TGF-B; and BMP2 on CLC matrix production and remodeling

ACAN expression was significantly increased by BMP2,5otreatment in CD canine and human
CLCs compared with control- and TGF-B;-treated CLCs (p<0.05), but not in NCD CLCs
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(Supplementary File 2). Nevertheless, GAG deposition was significantly increased by
BMP2140, BMP2550, and TGF-B; treatment in human and canine CLCs compared with controls
(p<0.05, Figure 1b and Figure 2). BMP2 concentration-dependently increased GAG
deposition in human and canine CLCs (p<0.05). In CD canine CLCs, TGF-B; was significantly
more potent than BMP2 in inducing GAG deposition (p<0.05). In contrast, NCD canine
micro-aggregates treated with BMP2,50 had a significantly higher GAG content than those
treated with TGF-B; (p<0.001), whereas TGF-B; and BMP2,5, were equally potent in
increasing GAG deposition by human CLCs. The GAG/DNA content of the BMP2,5o-treated
human and canine micro-aggregates was significantly increased compared with all other
conditions (p<0.05, Figure 1c). In human and CD canine CLC micro-aggregates, the GAG/DNA
content was significantly more increased by TGF-B;than by BMP2,o, treatment, whereas in
NCD dogs, the opposite occurred.

TGF-B; and BMP2,59 were equally potent in inducing COL2A1 expression in canine and
human CLCs (Supplementary File 2), while collagen type Il protein deposition was induced
by both TGF-B; and BMP2 in canine CLCs, but only by BMP2;5, in human CLCs (Figure 2).
COL10A1 expression was only detected in TGF-B;-treated human CLCs (data not shown), but
collagen type X protein was not detected in canine nor human micro-aggregates regardless
the treatment (Supplementary File 3). Additionally, mRNA of the osteogenic marker OSX
was not detected in any culture condition, and RUNX2 and BGLAP gene expression was very
low (Cq-values >37) and not significantly different between conditions (data not shown).
Moreover, Alizarin Red S staining showed no calcium deposition regardless the treatment
(Supplementary File 3).

In all species, TGF-B;-treated micro-aggregates showed signs of fibrotic (re)differentiation.
Expression of collagen type | gene (Supplementary File 2) and protein (Figure 2) was
increased by TGF-B; compared with control and BMP2 treatment in both species, except for
COL1A1 expression in CD canine CLCs. Morphologically, a GAG-depleted, collagen type I-rich
outer rim was formed after TGF-B; treatment, which contained almost no cells in canine,
and fibroblast-like cells in human micro-aggregates (Figure 2).

Expression of the matrix remodeling gene MMP13 was significantly induced by BMP2 in
canine CLCs, but only induced by TGF-B; treatmentin human CLCs (p<0.05, Supplementary
File 2). ADAMTS5 expression was not significantly affected by the different growth factors in
human CLCs (data not shown). In contrast, TGF-B; decreased CD canine CLC ADAMTS5
expression 10-fold, whereas BMP2,5, decreased NCD canine CLC ADAMTS5 expression 7-fold
compared with controls (p<0.05, data not shown). TIMP1 (inhibitor of matrix
metalloproteinase) expression was decreased in TGF-B;- and BMP2,5-treated human CLCs
(2-fold and 1.5-fold, respectively) compared with controls (p<0.05), whereas it was 30-fold
decreased by BMP2;59in NCD canine CLCs (p<0.05), and not affected by growth factor
treatment in CD canine CLCs (data not shown).
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Figure 1. The effect of TGF-B; and BMP2 on human and canine chondrocyte-like cell proliferation, matrix
production and Smad signaling. Micro-aggregates of chondrocyte-like cells derived from degenerated
human/canine intervertebral discs were cultured for 28 days (DNA and GAG content) or 24 hours
(phosphorylated (p)Smad1, pSmad2 signaling). (a) DNA content, (b) GAG content, (c) GAG/DNA content, (d)
and (e) Relative pSmadl and pSmad2 expression (controls set at 1), n=4 (pSmad) - 7 (DNA and GAG content).
GAG: glycosaminoglycan, CD: chondrodystrophic, NCD: non-chondrodystrophic. *, **, ***: significantly
different from all other conditions (p<0.05, p<0.01, p<0.001, respectively); $$, $$S: significantly different from
all other conditions except the one with the same mark type (p<0.01, p<0.001, respectively); #: p<0.05, ##:
p<0.01.
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Figure 2. The effect of TGF-B, and BMP2 on glycosaminoglycan, collagen type | and Il deposition of human
and canine chondrocyte-like cell (CLC) micro-aggregates. Micro-aggregates of CLCs derived from degenerated
human/canine intervertebral discs were cultured for 28 days. Red staining in Safranin O/Fast Green indicates
glycosaminoglycan deposition. CD: chondrodystrophic, NCD: non-chondrodystrophic. n=7.
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The effect of TGF-B; and BMP2 on Smad signaling

To determine the effect of TGF-f; and BMP2;50 on Smad signaling, ELISAs for
phosphorylated (p) Smadl and Smad2 were performed. In CD canine CLCs, TGF-B;
significantly induced Smad1 and Smad2 signaling, whereas BMP2,5o only induced pSmad1
levels (p<0.05, Figure 1d-e). In NCD canine CLCs, TGF-B; significantly increased pSmad2
(p<0.05) and tended to increase pSmadl levels (p=0.1), whereas BMP2,5, significantly
increased pSmad1 levels (p<0.05). TGF-B;-treated human CLCs showed a tendency towards
increased pSmad?2 levels (p=0.1), whereas BMP2,so-treated human CLCs showed significantly
increased Smad1 signaling (p<0.05).

The effect of BMP2 on canine CLCs and MSCs in 3D hydrogel cultures

The best growth factor was considered the one that induced GAG and collagen type Il
production and cell proliferation, and inhibited apoptosis and fibrotic (collagen type I-rich)
and osteogenic (collagen type X- and calcium-rich) ECM deposition. In this respect, human
and canine CLC micro-aggregates responded best to 250 ng/mL BMP2. Therefore, the effect
of 250 ng/mL BMP2 alone or in combination with MSCs was determined on canine CLCs
using hydrogels employed for intradiscal cell transplantation®®. Canine CLCs and MSCs from
CD and NCD breeds were incorporated at different concentrations: 3*10° CLCs/mL (CLC),
1.5*%10° CLCs/mL + 1.5*%10° MSCs/mL (CLC:MSC) and 1.5*10° CLCs/mL (% CLC).

In hydrogels containing CD (Figure 3) and NCD (Supplementary File 4) canine % CLC, CLC and
CLC:MSC, BMP2 treatment significantly increased the DNA content, GAG release, GAG
deposition, and collagen type | and Il deposition compared with controls (p<0.05).
Generally, BMP2 treatment also significantly increased the GAG/DNA content of NCD
(Supplementary File 4) and CD (Figure 3d) canine cell containing hydrogels (p<0.01), only not
the GAG/DNA content of CD CLC:MSC containing hydrogels.

Although at day 0, the DNA content of CLC and CLC:MSC containing hydrogels was
comparable, after 28 days, the DNA content of NCD CLC:MSC containing control hydrogels
was higher than that of NCD CLC containing control hydrogels (p<0.01, Supplementary File
4). The DNA content of the BMP2-treated CLC:MSC containing hydrogels was higher than
that of the BMP2-treated CLC containing hydrogels in both CD and NCD dogs (p<0.05, Figure
3a and Supplementary File 4). At day 0, the CLC (male)-derived DNA content of CD CLC:MSC
containing hydrogels was 50% (0.45 pg) of the total DNA content. After 28 days of culture,
57% (0.30 pg) of cells in CD CLC:MSC containing control hydrogels appeared female (MSC)-
derived, whereas this was 27% (0.34 pg) in CD BMP2-treated CLC:MSC containing hydrogels
(Figure 3a), indicating that in absolute terms, the MSC-derived DNA content remained
relatively unchanged throughout culture. At day 28, the CLC (male)-derived DNA content of
CD CLC:MSC containing hydrogels was comparable with the total DNA content of CD CLC
containing hydrogels, both in the presence and absence of BMP2 (Figure 3a).
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Figure 3. The effect of BMP2 on matrix production and cell proliferation of chondrodystrophic (CD) canine
chondrocyte-like cells (CLCs) and mesenchymal stromal cells (MSCs). CLC (3*106/mL hydrogel), % CLC
(1.5*106/mL) or CLC:MSC (1:1, both 1.5*106/mL) hydrogels were cultured for 28 days with or without 250
ng/mL BMP2. (a) Total and male (CLC-derived) DNA content, (b) GAG release, (c) GAG content, (d) GAG/DNA
content, (e) Safranin O/Fast green staining and collagen type | and Il immunohistochemistry. Red staining in
Safranin O/Fast Green indicates glycosaminoglycan (GAG) deposition. n=8. #, ##, ###: p<0.05, p<0.01 and
p<0.001, respectively; *, **: significantly different from all other conditions (p<0.05, p<0.01, respectively).
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GAG release and deposition was comparable in all BMP2-treated cell-hydrogel
combinations. The GAG/DNA content was highest in the hydrogels containing BMP2-treated
% CLC, followed by BMP2-treated CLC hydrogels (Figure 3d, Supplementary File 4). The
GAG/DNA content of NCD and CD BMP2-treated CLC:MSC containing hydrogels was
significantly lower than that of BMP-treated % CLC and CLC containing hydrogels (p<0.01). A
schematic overview of the observed effects of TGF-f; and BMP2 on CD and NCD canine and
human CLCs is given in Supplementary File 5.

Discussion

Both humans and dogs experience chronic back pain related to IVD degeneration. As current
treatments do not achieve IVD repair, there is need for cell- and growth factor-based
regenerative treatments leading to functional IVD restoration. This study demonstrates that
both growth factors BMP2 and TGF-B; increased proliferation and matrix production of
human and canine CLCs, but that TGF-B; induced a fibrotic phenotype, whereas BMP2 did
not. To determine whether MSCs exerted additional regenerative effects, canine CLCs and
MSCs were cultured in a hydrogel that has already been shown to facilitate IVD repair®.
Although the results indicate that a considerable amount of MSCs survived the culture
period, they did not exert additive regenerative effects on the CLCs.

The effect of TGF-B; and BMP2 on human and canine CLCs

It has already been shown that BMP2%7 and TGF-Bs' 29 are able to induce GAG deposition in
CLCs. In the current study, the response of CD and NCD canine CLCs to these growth factors
was in a similar direction as observed in human CLCs, but sometimes with a different
intensity. Both BMP2 and TGF-f increased cell proliferation and ECM production, while they
decreased the expression of apoptotic-related genes in human and canine CLCs. These
effects were reflected in a high DNA and GAG content of the CLC micro-aggregates at the
end of the study. TGF-B; stimulated Smadl and Smad2 signaling in canine CLCs (as also
shown in chondrocytesas), and induced GAG, collagen type | and Il deposition and a
cell/GAG-depleted fibrotic rim. In contrast, BMP2 only stimulated Smad1 signaling in canine
CLCs, and induced GAG and collagen type Il deposition, but no collagen type | deposition or
fibrotic phenotype. In human CLCs, TGF-B; tended to stimulate only Smad2 signaling, and
induced a fibroblast-rich construct, GAG and collagen type I, but no collagen type II
deposition. Moreover, BMP2 only stimulated Smad1 signaling in human CLCs, and induced
GAG and collagen type Il but no collagen type | deposition. Altogether, these results suggest
that Smadl signaling was associated with collagen type Il production, whereas Smad2
signaling accompanied fibrotic (re)differentiation in human and canine CLCs. In line with our
results, TGF-B is a well-known, collagen type I-inducing, fibrotic agent®®, whereas BMP2 did
not increase COLIA1 expression in human CLCs*’. In chondrocytes, however, TGF-B;-
mediated Smad2/3 signaling results in protective, and Smad1/5/8 signaling in deleterious
responses35, indicating that CLCs respond distinctively different to (TGF-B;-mediated)
Smad2/3 signaling than chondrocytes.

Hypertrophic differentiation is known to precede BMP (Smad1/5/8)-induced bone
formation in articular chondrocytes®>. In the current study, however, no signs for
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hypertrophic differentiation or osteogenic matrix production were detected in BMP2-
treated canine or human CLCs. In line with our results, others showed only chondrogenic,
but no osteogenic effects of BMP2 on rabbit NCs*°, human CLCs”* and degenerated goat
IVDs™, indicating that CLCs may also respond rather different to BMP2 (Smad1/5/8
signaling) than chondrocytes.

Altogether, the results of this study suggest that BMP2 can be a valuable candidate for IVD
regeneration, since it induced chondrogenic, but no osteogenic or fibrotic ECM production
in canine and human CLCs. Future studies should, however, investigate long-term exposure
to BMP2. Lastly, CD and NCD canine CLCs responded rather comparably to growth factor
treatment as human CLCs, indicating that CLCs from both CD and NCD dogs can be used as
in vitro animal model for human IVD degeneration.

The effect of MSCs on canine CLCs

Hydrogels that are already applied in clinical studies for intradiscal cell transplantation28
were used to determine the possible additive regenerative effect of MSCs on BMP2-treated
CLCs. The results of the current study indicate that a considerable amount of MSCs survived
the 28-day CLC:MSC co-culture period. Also in vivo, injected MSCs maintain their viability for
at least 28 days within rat IVDs*. In co-cultures, MSCs have been shown to stimulate
chondrocyte proliferation and ECM production®®. Although previous work on human
CLC:MSC co-cultures also showed (modest) trophic effects of MSCs** %, the present study
on canine CLC:MSC co-cultures did not. Comparable results as observed in this canine co-
culture study have been demonstrated for human chondrocyte:MSC co-cultures“, stressing
the importance of using proper controls. Cells should be seeded at comparable densities,
but also at lower densities to account for possible differences in available nutrition or cells
producing factors inhibiting their own proliferation.

Taken together, MSCs did not exert regenerative effects on CD or NCD canine CLCs in vitro.
The discrepancy between these results and the results of previous work***? could be due to
species differences. Additionally, our experiments were performed in normoxia, whereas
the NP is an hypoxic tissue*. Hypoxia produces a favorable microenvironment that
improves MSC cell viability, as well as differentiation into NP-like cells and ECM synthesis®.
Furthermore, previous work indicated that the optimal CLC:MSC ratio for MSC
differentiation appeared 75:25*> . Therefore, future studies should test different CLC:MSC
ratios under hypoxic culture conditions. The results of the current study do not directly
imply that MSCs will not have regenerative effects on degenerated IVDs in vivo. Given that
regenerative effects of MSCs were encountered in different animal models with
experimentally induced IVD degeneration'®?*, future studies should investigate whether
MSCs also have beneficial effects in dogs with spontaneously degenerated IVDs, a valid in
vivo animal model for human IVD degeneration?®.
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Conclusions

This study demonstrates that while both TGF-B; and BMP2 exerted regenerative effects on
human and canine CLCs, BMP2 induced a more healthy NP matrix than TGF-B;. (BMP2-
mediated) Smadl signaling increased collagen type Il production, whereas (TGF-B;-
mediated) Smad2 signaling induced fibrotic CLC (re)differentiation. MSCs did not exert
additive regenerative effects on control- or BMP2-treated canine CLCs. Since CD and NCD
canine CLCs responded rather comparable to TGF-B; and BMP2 as human CLCs, support for
the dog as a valid in vitro model for human IVD degeneration was provided.
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Supplementary File 1. Primers used for quantitative PCR

Primers used for quantitative PCR of canine samples

BMP2 versus TGF-B;

Genes Forward sequence 5’ - 3’ Reverse sequence 5’ - 3’ Amplicon size  Annealing temp (°C)
Reference genes

GAPDH TGTCCCCACCCCCAATGTATC CTCCGATGCCTGCTTCACTACCTT 100 58
HPRT AGCTTGCTGGTGAAAAGGAC TTATAGTCAAGGGCATATCC 104 58
RPS19 CCTTCCTCAAAAAGTCTGGG GTTCTCATCGTAGGGAGCAAG 95 61
SDHA GCCTTGGATCTCTTGATGGA TTCTTGGCTCTTATGCGATG 92 56.5
Target genes

ACAN GGACACTCCTTGCAATTTGAG GTCATTCCACTCTCCCTTCTC 111 62
ADAMTS5 CTACTGCACAGGGAAGAG GAACCCATTCCACAAATGTC 149 61
BAX CCTTTTGCTTCAGGGTTTCA CTCAGCTTCTTGGTGGATGC 108 58
BGLAP CTGATGGTCCTTGCCCT CTTGGACACGAAGGTTGC 116 61
CCND1 GCCTCGAAGATGAAGGAGAC CAGTTTGTTCACCAGGAGCA 117 60
COL1A1 GTGTGTACAGAACGGCCTCA TCGCAAATCACGTCATCG 109 61
COL2A1 GCAGCAAGAGCAAGGAC TTCTGAGAGCCCTCGGT 151 62
COL10A1 CCAACACCAAGACACAG CAGGAATACCTTGCTCTC 80 61
MMP13 CTGAGGAAGACTTCCAGCTT TTGGACCACTTGAGAGTTCG 250 65
OSX GAGGAGGAAGCTCACTATGG CTGAAAGGTCACTGCCCA 147 59
RUNX2 AACGATCTGAGATTTGTGGGC TGTGATAGGTGGCTACTTGGG 97 64
SRY TGAAAGCGGAGGAAACGGTA TGCTGATCTCTGAGTTTTGCATTT 130 55.5
TIMP1 GGCGTTATGAGATCAAGATGAC ACCTGTGCAAGTATCCGC 120 66

All primers were designed in-house using Perlprimer except for MMP13" and BAX’.

Stably expressed reference genes (TATAA-box binding protein (TBP), hypoxanthine-guanine
phosphoribosyltransferase (HPRT), succinate dehydrogenase subunit A (SDHA) and tyrosine 3-
monooxygenase/tryptophan 5-monooxygenase activation protein and zeta polypeptide (YWHAZ) for the
human samples and glyceraldehyde 3-phosphate dehydrogenase (GAPDH), ribosomal protein S19 (RPS19),
SDHA and HPRT for the canine samples) were chosen to normalize gene expression of the target genes:
aggrecan (ACAN), a disintegrin and metalloproteinase with thrombospondin motifs 5 (ADAMTS5), Bcl2-like-
protein (BAX), bone gamma-carboxyglutamate protein/osteocalcin (BGLAP), cyclin D1 (CCND1), collagen type |
(COL1A1), collagen type Il (COL2A1), collagen type X (COL10A1), matrix metalloproteinase 13 (MMP13), osterix
(0SX), runt-related transcription factor 2 (RUNX2), sex determining region Y (SRY), and a tissue inhibitor of
metalloproteinases (TIMP1).
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Primers used for quantitative PCR of human samples

Genes Forward sequence 5’ > 3’ Reverse sequence 5’ - 3’ :\i:pllcon ?rgealmg temp
Reference genes

HPRT TATTGTAATGACCAGTCAACAG GGTCCTTTTCACCAGCAAG 192 60
SDHA TGGGAACAAGAGGGCATCTG CCACCACTGCATCAAATTCATG 86 58
TBP TGCACAGGAGCCAAGAGTGAA CACATCACAGCTCCCCACCA 132 63.5
YWHAZ ACTTTTGGTACATTGTGGCTTCAA CCGCCAGGACAAACCAGTAT 94 64
Target genes

ACAN CAACTACCCGGCCATCC GATGGCTCTGTAATGGAACAC 160 63.5
ADAMTS5  GCCAGCGGATGTGCAAGC ACACTTCCCCCGGACGCAGA 130 62.5
BAX GGACGAACTGGACAGTAACATGG GCAAAGTAGAAAAGGGCGACAAC 150 60
CCND1 AGCTCCTGTGCTGCGAAGTGGAAAC  AGTGTTCAATGAAATCGTGCGGGGT 480 65
COL1A1 TCCAACGAGATCGAGATCC AAGCCGAATTCCTGGTCT 191 61
COL2A1 AGGGCCAGGATGTCCGGCA GGGTCCCAGGTTCTCCATCT 195 63.5
COL10A1  CACTACCCAACACCAAGACA CTGGTTTCCCTACAGCTGAT 225 61
MMP13 TCCCAGGAATTGGTGATAAAGTAGA CTGGCATGACGCGAACAATA 123 64
TIMP1 CTTCTGGCATCCTGTTGTTG GGTATAAGGTGGTCTGGTTG 153 64

All reference gene primers were designed in-house using Perlprimer. Primers for the target genes ACAN,
ADAMTS5, COL1A1, and COL2A1 were kindly provided by UMC Utrecht, the Netherlands. Primers for BAX ,
CCND14, and MMP13° were obtained from the literature.
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BMP2 versus TGF-B;

Supplementary File 2. The effect of TGF-B; and BMP2 on gene expression of human and
canine chondrocyte-like cells (CLCs) derived from degenerated intervertebral discs (IVDs)
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Relative CCND1, BAX, ACAN, COL2A1, COL1A1 and MMP13 gene expression (mean+SD) of the CLC micro-
aggregates at day 7. The control micro-aggregates were set at 1. n=7. CD: chondrodystrophic, NCD: non-
chondrodystrophic. *, **, ***. significantly different from all other conditions (p<0.05, p<0.01, p<0.001,
respectively); S, $$, $S: significantly different from all other conditions except the one with the other $, S$, or

$$S mark (p<0.05, p<0.01, p<0.001, respectively); #: p<0.05, ##: p<0.01.
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Supplementary File 3. TGF-B; and BMP2 do not induce collagen type X and calcium
(identified by Alizarin Red S staining) deposition in human and canine chondrocyte-like
cell (CLC) micro-aggregates
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Micro-aggregates of CLCs derived from degenerated human/canine intervertebral discs (IVDs) were cultured
for 28 days. n=7 per condition. CD: chondrodystrophic, NCD: non-chondrodystrophic.
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BMP2 versus TGF-B;

Supplementary File 4. The effect of BMP2 on matrix production and cell proliferation of
non-chondrodystrophic (NCD) canine chondrocyte-like cells (CLCs) and mesenchymal
stromal cells (MSCs)
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CLC (3*106/mL hydrogel), % CLC (1.5*106/mL) or CLC:MSC (1:1, both 1.5*106/mL) hydrogels were cultured for
28 days with or without 250 ng/mL BMP2. (a) DNA content, (b) GAG release, (c) GAG content, (d) GAG/DNA
content, (e) Safranin O/Fast green staining and collagen type | and Il immunohistochemistry. n=8. #, ###:
p<0.05 and p<0.001, respectively; ** ***: significantly different from all other conditions (p<0.01, p<0.001,
respectively); Tt+: significantly different from all other conditions except for the one with the same 1+ mark
(p<0.001); @@: significantly different from all other conditions except for the one with the same @@ mark
(p<0.01); $S, $SS: significantly different from all other conditions except for except the one with the same $$
or $$$ mark (p<0.01, p<0.001, respectively).
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Supplementary File 5. Schematic overview of the observed effects of TGF-; and BMP2 on
chondrodystrophic (CD) and non-chondrodystrophic (NCD) canine and human
chondrocyte-like cells (CLCs) derived from degenerated intervertebral discs

10 ng/mL TGF-B, 250 ng/mL BMP2
Species, CD canine NCD canine Human CD canine NCD canine Human
protein
pSmad1l + +/- - + + ¥
(trend;
p=0.1)
pSmad2 + + +/- - - -
(trend;
p=0.1)
DNA content ++ + ++ + + +
GAG content ++ + + + ++ +
Collagen | + + + +/- +/- -
Collagen Il + + = + + +
Collagen X - - - - - -

++: more increased compared with controls than under influence of the other growth factor (TGF-B,/BMP2); +:
increased compared with controls; +/- moderately/mildly increased compared with controls; - not increased
compared with controls.
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Abstract

Degeneration of the intervertebral disc (IVD) is a frequent cause for back pain in humans
and dogs. Link-N stabilizes proteoglycan aggregates in cartilaginous tissues and exerts
growth factor-like effects. The human variant of Link-N facilitates IVD regeneration in
several species in vitro by inducing Smad1 signaling, but it is not clear whether this is species
specific. Dogs with IVD disease could possibly benefit from Link-N treatment, but Link-N has
not been tested on canine IVD cells. If Link-N appears to be effective in canines, this would
facilitate translation of Link-N into the clinic using the dog as an in vivo large animal model
for human IVD degeneration. This study’s objective was to determine the effect of the
human and canine variant of Link-N and short (s) Link-N on canine chondrocyte-like cells
(CLCs) and compare this to those on already studied species, i.e. human and bovine CLCs.
Extracellular matrix (ECM) production was determined by measuring glycosaminoglycan
(GAG) content and histological evaluation. Additionally, the micro-aggregates’ DNA content
was measured. Phosphorylated (p) Smadl and -2 levels were determined using ELISA.
Human (s)Link-N induced GAG deposition in human and bovine CLCs, as expected. In
contrast, canine (s)Link-N did not affect ECM production in human CLCs, while it mainly
induced collagen type | and Il deposition in bovine CLCs. In canine CLCs, both canine and
human (s)Link-N induced negligible GAG deposition. Surprisingly, human and canine (s)Link-
N did not induce Smad signaling in human and bovine CLCs. Human and canine (s)Link-N
only mildly increased pSmadl and Smad2 levels in canine CLCs. In conclusion, human and
canine (s)Link-N exerted species-specific effects on CLCs from early degenerated IVDs. Both
variants, however, lacked the potency as canine IVD regeneration agent. While these studies
demonstrate the challenges of translational studies in large animal models, (s)Link-N still
holds a regenerative potential for humans.
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Introduction

Low back pain affects up to 85% of the human population at some point during their lives,
and this results in major socioeconomic consequences” %, Degeneration of the intervertebral
disc (IVD) is frequently associated with low back pain®. The healthy IVD consists of a central,
gelatinous nucleus pulposus (NP), fibrous annulus fibrosus, and cartilaginous endplates.
During IVD maturation, the vacuolated notochordal cells (NCs) are gradually replaced by
smaller chondrocyte-like cells (CLCs). When the IVD degenerates, the CLCs are not able to
maintain healthy NP tissue anymore: CLCs become senescent, the glycosaminoglycan (GAG)
content decreases and collagen type Il is replaced by collagen type |, resulting in a more
fibrous NP tissue with decreased swelling pressure. The avascular IVD exhibits inadequate
matrix repair, and a vicious circle develops in which the IVD experiences increased
vulnerability to damage by physiologic loading®.

Current treatments for low back pain aim at relieving symptoms rather than restoring IVD
function. Therefore, regenerative agents stimulating biological repair of the IVD (e.g. cell
transplantation and growth factors) have gained interest® °. Several regenerative agents
have been shown to successfully decrease cell apoptosis, stimulate chondrogenic
extracellular matrix (ECM) production, and/or enhance mesenchymal stromal cell (MSC)
differentiation to an NP-like phenotype, but disadvantages are high costs and potential side-
effects” 8. Several of these regenerative strategies, e.g. mesenchymal precursor cell
(NCT01290367)/disc chondrocyte (NCT01640457) transplantation and growth factor
application (NCT00813813) have entered the clinical trial phase, but no effective
regenerative therapy for IVD degeneration is clinically available yet. Therefore, there is need
for identifying new therapeutic agents that can induce IVD regeneration.

A promising alternative agent that can be produced synthetically, and is therefore relatively
cheap, is Link-N peptide. Link-N (DHLSDNYTLDHDRAIH) is the N-terminal peptide of the link
protein that stabilizes proteoglycan aggregates in the IVD and cartilage. It is generated in
vivo by proteolytic degradation during tissue turnover®*!. The human variant of Link-N
peptide has been demonstrated to stimulate GAG and/or collagen production in vitro in
rabbitlz, human” % 13, and bovine” ¥ * vD cells, and degenerated bovine IvDs,
Furthermore, it exerted regenerative effects on experimentally induced degenerated rabbit
IVDs®, but has not yet been tested in vivo on large animal models. It is known that Link-N
exerts its growth factor-like effects on rabbit NCs via the bone morphogenetic protein
receptor type Il (BMPRII), inducing a complex, positive Smad1/5/8 feedback Iooplz, but this
has not been investigated in other species yet. Previous work indicated that Link-N is
cleaved by AF cells, creating a peptide consisting of only the first eight amino acids of full-
length Link-N (DHLSDNYT)™2. This small peptide, named short Link-N (sLink-N), induced GAG
synthesis in both human and bovine IVD cells to a similar extent as full-length Link-N*3 and
repaired bovine IVDs in which degeneration was induced in a whole organ culture model®>.

Altogether, Link-N and sLink-N may be promising candidates for the treatment of patients
with IVD disease. Since dogs also experience back pain related to IVD degeneration, the dog
is a particularly clinically relevant animal model®. Given that both species show similar
pathophysiologic mechanisms of IVD degeneration, treatment strategies can be approached
by the “One Medicine” concept: advances in the biomedical field of IVD regeneration hold a
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future, also for the veterinary patient. However, thus far, the effect of (short) Link-N on
canine IVDs has not been delineated yet. Therefore, the objective of this study was to
determine the effect of (short) Link-N on canine CLCs and compare the effects to those on
already studied species, i.e. human and bovine CLCs. Our hypothesis was that human, and
especially canine (short) Link-N would induce ECM production in canine CLCs. If
human/canine (short) Link-N indeed appears to be effective in canine CLCs, this would
facilitate the translation of (short) Link-N into the clinic using the dog as an in vivo large
animal model for human IVD degeneration. Additionally, it would pave the way to an
effective and affordable regenerative treatment for both human and canine patients with
IVD disease.

Materials and methods

IVD collection and CLC isolation

CLCs from human (Thompson score lll), bovine (Thompson score Il), and chondrodystrophic
(CD) and non-chondrodystrophic (NCD) canine (Thompson score ll-Ill) donors were collected
from early degenerated IVDs as described previously’. Briefly, NP tissue was enzymatically
digested with 0.15% pronase (11459643001, Roche Diagnostics) for 45 minutes and 0.15%
collagenase type Il (4176, Worthington) for 15 hours at 37°C. After digestion, 100% CLCs,
and no NCs were present in all species. Human IVDs were obtained during standard
postmortem diagnostics. The L2-L5 part of the spine was collected (<48 hours after death),
as approved by the scientific committee of the Pathology department of the University
Medical Centre Utrecht (UMCU). Anonymous use of redundant tissue for research purposes
is a standard treatment agreement with UMCU patients (Local Medical Ethical Committee
number 12-364). The material was used in line with the code ‘Proper Secondary Use of
Human Tissue’, installed by the Federation of Biomedical Scientific Societies. Bovine tails
were collected from the slaughterhouse (Nederlandse Voedsel- en Warenautoriteit, Utrecht,
the Netherlands, permit number 457642.09) and IVDs from complete canine spines were
collected from dogs euthanized in unrelated research studies®®, approved by the Utrecht
University Animal Ethics Committee (experimental numbers: 2012.111.07.065,
2013.111.02.017, and 2013.11.12.126).

Cell culture

Since culturing IVD cells in a 3D environment maintains their disc phenotype better than 2D
culture'® ? and canine cells do not thrive in alginate beads®!, CLC micro-aggregates were
used to determine the effect of (s)Link-N. Previous in vitro studies demonstrating
regenerative effects of (s)Link-N were performed in human or bovine monolayer“' 2 or
alginate bead” *® cultures. To allow inter-species comparison in this study, canine, human,
and bovine CLC micro-aggregate cultures were used.

One million CLCs from three human (47, 63, and 67 years of age), six bovine (2 years of age),
six CD canine (2-6 years of age, Beagles) and six NCD canine (4-11 years of age, 3 German
shepherds, 1 Cocker Spaniél, 1 Greyhound, and 1 Irish Setter) donors were expanded as
described previously17 in expansion medium containing hgDMEM+Glutamax (31966,
Invitrogen) with 10% FBS (16000-044, Life Technologies), 1% penicillin/streptomycin (P/S,
P11-010, PAA Laboratories), 0.1 mM Ascorbic acid 2-phosphate (Asap, A8960, Sigma-

196



(short) Link-N

Aldrich), 10°M dexamethasone (AD1756, Sigma-Aldrich) and 1 ng/mL bFGF (PHP105, AbD
Serotec). After expansion for two (bovine, canine) or three (human) passages, 35,000 CLCs
were plated per well in low-adherence cell-repellent surface 96-well plates (650970,
CELLSTAR® Greiner Bio-one) in 50 pL basal culture medium: hgDMEM+Glutamax , 1% P/S,
1% ITS+ premix (354352, Corning Life Sciences), 0.04 mg/mL L-proline (P5607, Sigma-
Aldrich), 0.1 mM Asap, and 1.25 mg/mL Bovine Serum Albumin (A9418, Sigma-Aldrich). The
96-well plates were centrifuged at 50g for 5 minutes to induce micro-aggregate formation.
The next day, basal culture medium was replaced with basal culture medium (negative
controls) or supplemented with (a) 10 ng/mL human recombinant TGF-B; (240-B, R&D
Systems), (b) 1 pug/mL or 10 ng/mL human Link-N (DHLSDNYT-LDHDRAIH, CanPeptide), (c)
0.5 pg/mL or 5 ng/mL human sLink-N (DHLSDNYT, CanPeptide), (d) 1 pg/mL or 10 ng/mL
canine Link-N (DHHSDNYT-LNYDVIH, CanPeptide), or (e) 0.5 pg/mL or 5 ng/mL canine sLink-
N (DHHSDNYT, CanPeptide). Culture medium was replaced twice weekly and (s)Link-N was
supplemented with every medium change. (s)Link-N concentrations were chosen based
upon previous work” ** ' and on a monolayer pilot study with CD canine CLCs
(Supplementary File 1). Since canine CLCs do not produce a considerable amount of GAGs if
no growth factor is supplied, TGF-B; was used to show that the canine CLCs were able to
produce GAGs if a proper stimulus was provided. Initially, the micro-aggregates were
cultured for 28 days at 21% 0,, 5% CO,, 37°C to determine the effects of human (s)Link-N.
Follow-up culture experiments (i.e. using canine (s)Link-N) where performed at 5% O,, 5%
CO,, 37°C, to improve the chondrogenic response of the CLCs® %,

Read out parameters for the biologic effect of (s)Link-N at the matrix level

At day 28, micro-aggregates were collected for determining the GAG and DNA content (in
duplicates). Sample preparation was performed as described previously®’. Papain digestion
solution (pH 6, 200 mM H,NaPO4*2 H20 (21254, Boom B.V.), 10 mM EDTA (100944, Merck
Millipore), 10 mM cysteine HCI (C7880, Sigma-Aldrich), and 10 mM papain (P3125, Sigma-
Aldrich) was added to each micro-aggregate, followed by overnight incubation at 60°C. The
micro-aggregates’ GAG content and release in the culture medium (cumulative GAG release
over the 28 day period) was measured using a dimethyl methylene blue (DMMB) assay®.
Immediately after DMMB (341088, Sigma-Aldrich) was added, the absorbance (540/595 nm)
was measured using a microplate reader. The GAG content was calculated using a
chondroitin sulphate (C4384, Sigma-Aldrich) standard line with polynomic properties. DNA
content was measured using the Qubit® dsDNA High Sensitivity Assay Kit (Q32851,
Invitrogen) according to the manufacturer’s instructions.

Also at day 28, micro-aggregates were fixed in 4% neutral buffered formaldehyde for 24
hours and embedded in alginate and paraffin (in duplicates). Five um sections were
mounted and Safranin O/Fast Green staining, and collagen type | and |l
immunohistochemistry were performed as described previously'’. The primary antibodies
for collagen type | (human and bovine: 0.1 pg/mL, canine: 0.07 pg/mL; ab6308, Abcam) and
Il (human and bovine: 0.4 pg/mL, canine: 0.02 pug/mL; II-1I6B3, DSHB) were applied with
adjusted concentrations per species. In isotype controls, normal mouse 1gG, (3877, Santa
Cruz) employed at the same concentration as the primary antibody showed no staining.
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BMP receptor expression and activation of Smad signaling by (s)Link-N

At day 7, BMPRIa, BMPRIb, and BMPRII gene expression was determined in CD canine CLC
micro-aggregates treated with control culture medium supplemented with/without 10
ng/mL TGF-B4, 1 pg/mL or 10 ng/mL canine Link-N, or 0.5 pg/mL or 5 ng/mL canine sLink-N.
The micro-aggregates were frozen in liquid nitrogen and crushed using pestles (P9951-901,
Argos Technologies). RNA was extracted with the RNeasy® Micro kit (74004, Qiagen)
according to the manufacturer’s instructions. A DNase (RNAse-Free DNase Set, 79254,
Qiagen) step was included to ensure DNA removal. The quality of the isolated RNA was
assessed with an Agilent 2100 Bioanalyzer and RNA Nanochip kit (5067-1511, Agilent
Technologies). cDNA was synthesized using the iScript™ cDNA Synthesis Kit (170-8891, Bio-
Rad) according to the manufacturer’s instructions. Primer sequences were designed using
PerlPrimer (http://perlprimer.sourceforge.net). M-fold was used to check for secondary
structure formation®®. Primer uniqueness and specificity was determined using BLAST /.
Annealing temperatures were established by performing a temperature gradient PCR on a
16-fold dilution series. The four most stably expressed reference genes were chosen to
normalize gene expression of the target genes (Table 1).

Table 1. Primers used for quantitative PCR

Amplicon Annealing

Genes Forward sequence 5’ - 3’ Reverse sequence 5’ - 3’ ) o
size temp (°C)
Reference genes
GAPDH TGTCCCCACCCCCAATGTATC CTCCGATGCCTGCTTCACTACCTT 100 58
HPRT AGCTTGCTGGTGAAAAGGAC TTATAGTCAAGGGCATATCC 104 58
RPS19 CCTTCCTCAAAAAGTCTGGG GTTCTCATCGTAGGGAGCAAG 95 61
SDHA GCCTTGGATCTCTTGATGGA TTCTTGGCTCTTATGCGATG 92 56.5
Target genes
BMPRIa TTTGGGAAATGGCTCGTC CGTATGATGGATCGTTGGG 60
BMPRIb CCCTATCATGACCTAGTGCC TGCCTCAGACACTCATCAC 63
BMPRII GTCTTCACAGTATGAACATGATGG AACACTTTCACAGCAACTGG 150 64
GAPDH: glyceraldehyde 3-phosphate dehydrogenase, HPRT: hypoxanthine-guanine

phosphoribosyltransferase, RPS19: ribosomal protein S19, SDHA: succinate dehydrogenase subunit A.

RT-gPCR was performed using the iQTTM SYBR Green Supermix Kit (Bio-Rad) and the
CFX384 Touch™ Real-Time PCR Detection System (Bio-Rad) (40 cycles; denaturation 95°C,
annealing temp (Table 1), extension 65°C). For determination of relative quantitative gene
expression, the Normfirst (EAAcq) method was used. For each target gene, the Cg-value of
the test sample and the calibrator sample was normalized to the mean Cqg-value of the
reference genes: ACq = COmean ref — COtarget. Cg-values of the negative control micro-
aggregates were used as calibrator. Secondly, the E*“value for the test and calibrator
sample was calculated. In this formula, E indicates the amplification efficiency of the
target/reference gene. E**“® was calculated by normalizing the E*“®-value of the test sample
to the one of the calibrator: E**“Y = EA test — E*“ calibrator. For each target gene, the
mean n-fold changes and standard deviations in gene expression were calculated.
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ELISAs for phosphorylated (p) Smadl (SER463/465, PEL-SMAD1-5463, RayBiotech) and
pSmad2 (S245/250/255, PEL-SMAD2-S245, RayBiotech) were used to determine activation
of the BMP and TGF-B Smad signaling pathway. For this purpose, 200,000 CLCs from five
human (44, 47, 47, 63, and 67 years of age), five bovine (2 years of age), and five canine
(Beagles, 2-6 years of age) donors were plated per well (12-wells plate, 665180, Greiner
CELLSTAR®) in expansion medium, which was replaced after 2 days with basal culture
medium alone or supplemented with 10 ng/mL TGF-B4, 250 ng/mL BMP2 (TETEC AG), 1
pg/mL human Link-N, 1 pg/mL canine Link-N, 0.5 pg/mL human sLink-N or 0.5 pg/mL
canine sLink-N. TGF-B; and BMP2 served here as positive controls. After 24 hours (time
point based on Wang et al., 2013?), cells were homogenized in cell lysis buffer containing
0.6 mM phenylmethylsulphonyl fluoride, 17 pg/mL aprotinin and 1 mM sodium
orthovanadate (Sigma-Aldrich). The data were corrected for the samples protein
concentration, measured using the Qubit® Protein Assay Kit (Q32851, Invitrogen).

(Short) Link-N peptide structure prediction and docking

The human, canine and bovine models of (s)Link-N were generated using the PEP-FOLD3
server®®. The first eight residues of human and canine/bovine Link protein were inputted
and the best predicted model was used for docking. Human, canine, and bovine (s)Link-N
molecular structures were viewed and aligned using PyMOL (The PyMOL Molecular Graphics
System, Version 1.8, Schrodinger, Germany). Docking of (s)Link-N to BMPRII was performed
using the CABS-dock server (www.biocomp.chem.uw.edu.pl/CABSdock/) and the crystal
structure of the extracellular domain of BMPRII (PDB ID: 2HLR)29 downloaded from the
Protein Data Bank (www.rcsb.org). The original crystal structure of the BMPRII extracellular
domain was from sheep, since there are no entries for the crystal structures of human,
bovine, or canine BMPRII extracellular domains. The best-fit model with the lowest root-
mean-square deviation (RMSD) was used for imaging with PyMOL.

Statistical analysis

Statistical analyses were performed using IBM SPSS statistics 22. Data were examined for
normal distribution with the Shapiro Wilks test. General linear regression models based on
ANOVAs were used for normally distributed data, whereas Kruskal Wallis and Mann-
Whitney U tests were used for non-normally distributed data. Benjamini & Hochberg False
Discovery Rate post-hoc tests were performed to correct for multiple comparisons. p-values
< 0.05 were considered significant.
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Results

Human (s)Link-N induced GAG and collagen type | deposition by human CLCs

The first objective of this study was to determine the effects of human (s)Link-N on canine
CLCs and to compare those to already studied species. Therefore, the effects of human
(s)Link-N were initially determined on human and bovine CLC micro-aggregates.

TGF-B; treatment resulted in the highest GAG content of the human CLC micro-aggregates
after 28 days (p<0.05; Figure 1a). Treatment with 1 pg/mL human Link-N also resulted in a
significantly increased GAG content of the micro-aggregates compared with control and 10
ng/mL human Link-N treatment (p<0.05), indicating a concentration-dependent effect. This
was confirmed by Safranin O/Fast Green staining (Figure le). No treatment affected the
DNA content of the micro-aggregates (Figure 1b). Only TGF-B; upregulated the GAG/DNA
content (indication of GAG incorporation in the micro-aggregate per cell) compared with
controls (p<0.05; Figure 1c). GAG release into the culture medium was significantly
increased by TGF-B;, 1 pg/mL human Link-N and 0.5 pug/mL human sLink-N treatment
compared with control, 10 ng/mL human Link-N, and 5 ng/mL human sLink-N treatment
(p<0.05; Figure 1d). GAG incorporation (GAG content micro-aggregate divided by total GAG
production micro-aggregate) was, however, not significantly different between control, TGF-
B1, 1 ug/mL human Link-N and 0.5 pg/mL human sLink-N treatment (Supplementary File 2a).
Both TGF-B; and human (s)Link-N induced collagen type | deposition, whereas only TGF-B;
increased collagen type Il deposition compared with controls (Figure 1e).

Human (s)Link-N induced GAG and collagen type | deposition by bovine CLCs

Treatment with TGF-B; 1 pg/mL human Link-N, and 0.5 pg/mL human sLink-N resulted in a
significantly higher GAG, DNA, and GAG/DNA content, GAG incorporation percentage and
GAG release of the bovine CLC micro-aggregates compared with control, 10 ng/mL human
Link-N, and 5 ng/mL human sLink-N treatment (p<0.05; Figure 2a-d and Supplementary File
2c), indicating a concentration-dependent effect. This was confirmed by Safranin O/Fast
Green staining (Figure 2e). A rim of collagen type | was detected around the micro-
aggregates treated with 10 ng/mL human Link-N and 5 ng/mL human sLink-N, while 1 pg/mL
human Link-N and 0.5 pg/mL human sLink-N treatment induced collagen type | deposition in
the center of the micro-aggregates (Figure 2e). Deposition of collagen type Il was not
observed with TGF-B; or human Link-N treatment (Figure 2e).
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Figure 1. Effect of human (short) Link-N on human chondrocyte-like cells (CLCs). GAG and DNA content (mean
+ SD) and histological evaluation of human CLC micro-aggregates treated with basal culture medium (control),
supplemented with 10 ng/mL TGF-B, (positive control), 1 ug/mL or 10 ng/mL human Link-N (LN), or 0.5 pg/mL
or 5 ng /mL human short Link-N (sLN) for 28 days in normoxia (21% O,). (a) GAG content, (b) DNA content, (c)
GAG content (incorporation in the micro-aggregate) corrected for DNA content, (d) total amount of GAGs
released in the culture medium, (e) representative histological images of the Safranin O/Fast Green staining
and collagen type | and Il immunohistochemistry. *:p<0.05; @ and o : significantly different (p<0.05) from all
other conditions except for the bars with the same symbol; x: significantly different (p<0.05) from all other
conditions. n=3 (in duplicates).
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Figure 2. Effect of human (short) Link-N on bovine chondrocyte-like cells (CLCs). GAG and DNA content (mean
+ SD) and histological evaluation of bovine CLC micro-aggregates treated with basal culture medium (control),
supplemented with 10 ng/mL TGF-B;, 1 ug/mL or 10 ng/mL human Link-N (LN), or 0.5 pg/mL or 5 ng/mL
human short Link-N (sLN) for 28 days in normoxia (21% O,). (a) GAG content, (b) DNA content, (c) GAG content
(incorporation in the micro-aggregate) corrected for DNA content, (d) total amount of GAGs released in the
culture medium, (e) representative histological images of the Safranin O/Fast Green staining and collagen type
I and Il immunohistochemistry. ® and o : significantly different (p<0.05) from all other conditions except for
the bars with the same symbol; x: significantly different (p<0.05) from all other conditions. n=6 (in duplicates).
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Human (s)Link-N induced negligible GAG deposition by CD canine CLCs

Although far less potent as TGF-B;, human (s)Link-N treatment at all concentrations
significantly increased the GAG content of the CD canine CLC micro-aggregates compared
with controls, both corrected (p<0.001) and not corrected (p<0.01) for the DNA content
(Figure 3a,c). Additionally, human (s)Link-N at all concentrations also significantly increased
GAG incorporation compared with controls (p<0.05; Supplementary File 2e). TGF-B; induced
the highest DNA content, GAG release and GAG incorporation compared with all the other
conditions (p<0.01), whereas human (s)Link-N did not affect the DNA content and GAG
release compared with controls (Figure 3b,d).

In line with the biochemical data, Safranin O/Fast Green staining demonstrated limited GAG
deposition in the human (s)Link-N-treated micro-aggregates (Figure 3e). Addition of TGF-B;
resulted in most GAG deposition and a cell-depleted rim around the micro-aggregates.
Collagen type | deposition was slightly induced by TGF-B; and human (s)Link-N, while no
differences in collagen type Il deposition were detected between conditions (Figure 3e).

Given that a lower O, tension has been shown to facilitate ECM deposition23, the effect of
human (s)Link-N on CD canine CLCs was also studied under hypoxia (Supplementary File 3).
It appeared that the effects of human (s)Link-N were not affected by the O, tension: in both
conditions, human (s)Link-N exerted a limited anabolic effect compared with controls.
Nevertheless, since the IVD is an avascular structure, hypoxia better mimics the in vivo
situation and has been shown to better preserve the regenerative potential of CLCs*> ?*,

follow-up experiments (e.g. using canine (s)Link-N) were continued in hypoxia.

Species differences in amino acid sequence of (short) Link-N

A possible explanation for the limited response of the canine CLCs to human (s)Link-N could
be differences in amino acid sequence between human and canine (s)Link-N. Indeed,
alignment of human, bovine, and canine Link-N revealed that the amino acid sequence of
canine Link-N differed by five residues and bovine Link-N by three residues when compared
to human Link-N (Table 2). Furthermore, the predicted molecular structures of bovine Link-
N and canine Link-N also revealed differences when aligned with human Link-N (Figure
4a,b). The amino acid sequences of canine and bovine sLink-N are similar and differ by only
one amino-acid from human sLink-N (Table 2). A schematic of the predicted molecular
structures of human and canine/bovine sLink-N show that these amino acid substitutions
influence the conformation of the peptide (Figure 4c). Interestingly, when we prepared
docking simulations of all three Link-N species to the extracellular domain of BMPRII,
bovine, canine, and human Link-N docked differently (Figure 4d). Docking differences were
also observed for human and canine/bovine sLink-N variants (Figure 4e).
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Figure 3. Effect of human (short) Link-N on CD canine chondrocyte-like cells (CLCs). GAG and DNA content
(mean + SD) and histological evaluation of CD canine CLC micro-aggregates treated with basal culture medium
(control), supplemented with 10 ng/mL TGF-B,, 1 ug/mL or 10 ng/mL human Link-N (LN), or 0.5 pug/mL or 5
ng/mL human short Link-N (sLN) for 28 days in normoxia (21% O,). (a) GAG content, (b) DNA content, (c) GAG
content (incorporation in the micro-aggregate) corrected for DNA content, (d) total amount of GAGs released
in the culture medium, (e) representative histological images of the Safranin O/Fast Green staining and
collagen type | and Il immunohistochemistry. xx, xxx: significantly different (p<0.01 and p<0.001, respectively)

from all other conditions. n=6 (in duplicates).
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Table 2. Alignment of human, bovine, and canine (short) Link-N peptides.

Residue 1 2 3 4 5 6 7 8 - 9 10 11 12 13 14 15 16
Human D H L S D N Y T - L D H D R A | H
Bovine D H H S D N Y T - vV D H D R V | H
Canine D H H S D N Y T - V N Y D R V | H

Short Link-N represents residues 1-8. Bovine and canine short Link-N share similarity.

d

Figure 4. Alignment and docking of human, bovine, and canine (short) Link-N variants. Schematic of the
predicted molecular model and alignment of human (blue) and bovine (orange) Link-N (a) and human (blue)
and canine (green) Link-N (b). (c) Schematic of the predicted molecular model and alignment of human (blue)
and canine/bovine (green) short Link-N. (d) Docking of human (blue), bovine (orange) and canine (green) Link-
N to the extracellular domain of BMPRII. (e) Docking of human (blue) and canine/bovine (green) short Link-N
to the extracellular domain of BMPRII. Models represent best-fit predictions for their interaction.
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Canine (s)Link-N did not affect ECM production by human CLCs

Since we detected species differences in amino acid sequence and receptor docking of
human and canine (s)Link-N which could possibly explain the limited response of canine
CLCs to human (s)Link-N, the effect of canine (s)Link-N was determined on human, bovine
and canine CLCs. As under normoxic culture conditions, TGF-B; induced the GAG content of
human CLC micro-aggregates cultured under hypoxic conditions (p<0.05; Figure 5a), which
was confirmed by Safranin O/Fast Green staining (Figure 5e). In contrast, canine (s)Link-N
treatment did not augment GAG deposition compared with controls (Figure 5a). No
treatment affected the DNA content of the micro-aggregates (Figure 5b). The GAG/DNA
content of the micro-aggregates treated with 5 ng/mL canine sLink-N was significantly
higher than those treated with 10 ng/mL canine Link-N (p<0.05), but no treatment affected
the GAG/DNA content compared with controls (Figure 5c). There were no significant effects
of canine (s)Link-N or TGF-B; on GAG release compared with controls (Figure 5d). Also, GAG
incorporation percentages were not significantly different between the conditions
(Supplementary File 2b). The deposition of collagen type | was prominently increased by
TGF-B; and slightly increased by 10 ng/mL canine Link-N and 5 ng/mL canine sLink-N
compared with controls (Figure 5e). TGF-B;increased collagen type Il deposition, whereas
this was not affected by canine (s)Link-N (Figure 5e).

Canine (s)Link-N mainly induced collagen type | and Il deposition by bovine CLCs

The bovine CLC micro-aggregates’ GAG content was slightly increased by 1 ug/mL canine
Link-N and 0.5 pg/mL canine sLink-N treatment compared with controls (p<0.05; Figure 6a).
The GAG content of micro-aggregates treated with 1 pg/mL canine Link-N and 0.5 pg/mL
canine sLink-N was significantly higher than that of the micro-aggregates treated with 10
ng/mL canine Link-N and 5 ng/mL canine sLink-N, indicating a concentration-dependent
effect (p<0.05). TGF-B1, however, induced the most potent increase in GAG content (p<0.01).
GAG incorporation percentages were not significantly different between conditions
(Supplementary File 2D). Safranin O/Fast Green staining showed the presence of GAGs in all
conditions, but most prominently in the TGF-B;-treated micro-aggregates (Figure 6e).
Treatment with canine (s)Link-N did not increase the micro-aggregates’ DNA content
compared with controls, whereas TGF-B; significantly increased the DNA content compared
with all other conditions (p<0.01; Figure 6b). The GAG/DNA content was not different
between conditions (Figure 6¢). TGF-B;induced the highest GAG release compared with all
other conditions (p<0.01), whereas the GAG release was decreased with 10 ng/mL canine
Link-N compared with controls and compared with 5 ng/mL sLink-N treatment (p<0.05;
Figure 6d). Collagen type | was present in all micro-aggregates, but most prominent in the
canine (s)Link-N-treated ones (Figure 6e). Treatment with canine (s)Link-N prominently
increased collagen type Il deposition compared with controls and TGF-B;-treated micro-
aggregates (Figure 6e).
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Figure 5. Effect of canine (short) Link-N on human chondrocyte-like cells (CLCs). GAG and DNA content (mean
+ SD) and histological evaluation of human CLC micro-aggregates treated with basal culture medium (control),
supplemented with 10 ng/mL TGF-B,, 1 ug/mL or 10 ng/mL canine Link-N (LN), or 0.5 pug/mL or 5 ng/mL canine
short Link-N (sLN) for 28 days in hypoxia (5% 0,). (a) GAG content, (b) DNA content, (c) GAG content
(incorporation in the micro-aggregate) corrected for DNA content, (d) total amount of GAGs released in the
culture medium, (e) representative histological images of the Safranin O/Fast Green staining and collagen type
I and Il immunohistochemistry. *:p<0.05. n=3 (in duplicates).
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Figure 6. Effect of canine (short) Link-N on bovine chondrocyte-like cells (CLCs). GAG and DNA content (mean
+ SD) and histological evaluation of bovine CLC micro-aggregates treated with basal culture medium (control),
supplemented with 10 ng/mL TGF-B,, 1 ug/mL or 10 ng/mL canine Link-N (LN), or 0.5 pug/mL or 5 ng/mL canine
short Link-N (sLN) for 28 days in hypoxia (5% O,). (a) GAG content, (b) DNA content, (c¢) GAG content
(incorporation in the micro-aggregate) corrected for DNA content, (d) total amount of GAGs released in the
culture medium, (e) representative histological images of the Safranin O/Fast Green staining and collagen type
I 'and Il immunohistochemistry. *:p<0.05; xx: significantly different (p<0.01) from all other conditions. n=6 (in

duplicates).
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Figure 7. Effect of canine (short) Link-N on CD canine chondrocyte-like cells (CLCs). GAG and DNA content
(mean + SD) and histological evaluation of CD canine CLC micro-aggregates treated with basal culture medium
(control), supplemented with 10 ng/mL TGF-B,, 1 ug/mL or 10 ng/mL canine Link-N (LN), or 0.5 pg/mL or 5
ng/mL canine short Link-N (sLN) for 28 days in hypoxia (5% O,). (a) GAG content, (b) DNA content, (c) GAG
content (incorporation in the micro-aggregate) corrected for DNA content, (d) total amount of GAGs released
in the culture medium, (e) representative histological images of the Safranin O/Fast Green staining and
collagen type | and Il immunohistochemistry. *:p<0.05; x,xxx: significantly different (p<0.05 and p<0.001
respectively) from all other conditions. n=6 (in duplicates).
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Canine (s)Link-N induced negligible GAG deposition by CD canine CLCs

CD canine CLC micro-aggregates treated with 1 ug/mL canine Link-N and 5 ng/mL and 0.5
pg/mL canine sLink-N showed a slight, but significantly higher GAG, DNA, and GAG/DNA
content compared with controls (p<0.05; Figure 7a-c). TGF-B, however, induced by far the
highest GAG, DNA, and GAG/DNA content (p<0.05; Figure 7a-c), which was confirmed by
Safranin O/Fast Green staining (Figure 7e). TGF-B; also induced the highest GAG
incorporation in the micro-aggregates (p<0.05), whereas canine (s)Link-N did not
significantly increase GAG incorporation compared with controls (Supplementary File 2f).
Histological analysis indicated that canine (s)Link-N decreased the micro-aggregates size
compared with controls (Figure 7e). Canine (s)Link-N did not affect GAG release compared
with controls, whereas TGF-B; significantly increased release compared with all other
conditions (p<0.001; Figure 7d). Collagen type | and Il deposition was not influenced by
canine (s)Link-N treatment, whereas TGF-B; induced a collagen type I-rich rim and
prominently increased collagen type Il deposition (Figure 7e).

Human and canine (s)Link-N do not induce GAG deposition by NCD canine CLCs

Based on physical appearance, dog breeds can be divided into chondrodystrophic (CD) and
non-chondrodystrophic (NCD). CD dogs have short bowlegs due to disrupted endochondral
ossification. This polygenetic trait has strongly been linked with IVD degeneration. In CD
dogs, replacement of NCs by CLCs in the NP starts already before one year of age and IVD
disease occurs frequently. In contrast, in NCD dogs, NCs remain the predominant cell type
until later in life. If IVD disease develops, it usually occurs later in life due to wear-and tear®.
Since CD and NCD dogs differ in their genetic background and show differences in cause,
prevalence, and age of onset of IVD degeneration, the regenerative potential of their CLCs
could in the presence of (s)Link-N differ from each other. Therefore, we also tested the
effect of (s)Link-N on NCD canine CLCs. However, both human and canine (s)Link-N did not
induce any substantial effect on the GAG, DNA or GAG/DNA content or GAG release of NCD
canine CLCs (Supplementary File 4).

Human and canine (s)Link-N do not affect Smad signaling in human and bovine CLCs and
only mildly induce Smad signaling in canine CLCs

A possible reason for the limited response of canine CLCs to (s)Link-N could be that canine
CLCs do not express BMPRIl or that Smad signaling was not properly induced. Gene
expression analysis, however, indicated that CD canine CLCs expressed BMPRII and BMPRIa,
whereas no BMPRIb mRNA was detected (Figure 8a,b). BMPRII and BMPR1a gene
expression was not significantly affected by canine (s)Link-N treatment.

Surprisingly, canine and human (s)Link-N did not significantly increase pSmad1 or pSmad2
protein levels in human and bovine CLCs after 24 hours of treatment (Figure 8c-f). Both
human and canine (s)Link-N, however, induced a mild, but significant increase in pSmad1l
levels in canine CLCs (p<0.05; Figure 8g). Only 1 ug/mL canine Link-N mildly induced pSmad2
levels in canine CLCs (p<0.05; Figure 8h).
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Figure 8. BMP receptor expression and activation of Smad signaling by (s)Link-N in human, bovine, and CD
canine chondrocyte-like cells (CLCs). Relative BMPRIa (a) and BMPRII (b) gene expression (mean + SD) in CD
canine CLC micro-aggregates treated with basal culture medium (control), supplemented with 10 ng/mL TGF-
B1, 1 pug/mL or 10 ng/mL canine Link-N (LN), or 0.5 pg/mL or 5 ng/mL canine short Link-N (sLN) for 7 days in
hypoxia (5% 0,). Controls were set at 1. n=6. Phosphorylated (p)Smad 1 and 2 levels in human (c, d), bovine
(e, ), and canine (g, h) CLCs cultured in monolayers stimulated with 1 pg/mL human and canine Link-N (LN)
and 0.5 pg/mL human and canine short Link-N (sLN) in hypoxia (5% O,) for 24 hours. *:p<0.05; e : significantly
different (p<0.05) from controls; x: significantly different (p<0.05) from all other conditions. n=5.
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Discussion

Full length and short Link-N exerted comparable potent effects on CLCs

The current study confirms the results of previous work®?, since in all three tested species,
sLink-N exerted comparable (regenerative) effects as full length Link-N. This confirms that
the biological active part is maintained in the first eight amino acids of Link-N peptide. These
results support the advantage of sLink-N compared to Link-N: the production costs of sLink-
N are lower than that of Link-N and a smaller peptide is more amenable for optimization of
the biological stability®>.

Human (s)Link-N induced GAG deposition by human and bovine CLCs, but exerted limited
effects on canine CLCs

Human (s)Link-N induced no effect on NCD canine CLC micro-aggregates. Additionally, it
induced a significant, but very mild, concentration-independent increase in GAG content of
CD canine CLC micro-aggregates. This increase was, however, considered negligible
compared with the anabolic effect of TGF-B;. In the current study, human and bovine CLC
micro-aggregates served as comparators for the 3D culture system employed. CLCs from
these species have already been demonstrated to respond to Link-N in monolayers11 and
alginate beads” ** with increased GAG’ and collagen type | deposition®?, in line with the
present study. Differences in culture conditions may explain our observation that human
(s)Link-N did not induce collagen type Il deposition in human and bovine CLCs, in contrast
with previous reports® !, while it increased the DNA content of bovine CLC micro-
aggregates, The anabolic, concentration-dependent effect of human (s)Link-N on human and
bovine CLCs suggests that the culture system allowed GAG deposition by (s)Link-N
treatment, the (s)Link-N batch was active and that the limited response of canine CLCs could
not be ascribed to inactive peptide.

Interspecies differences in CLC response to canine (s)Link-N treatment

A potential reason for the mild response of canine CLCs to human (s)Link-N could be species
differences in the (s)Link-N amino acid sequence. Indeed, the amino acid sequences of
canine and bovine Link-N differ by five and three residues, respectively, when compared to
human Link-N. Additionally, the amino acid sequences of canine and bovine sLink-N are
similar and vary by only one residue from human sLink-N. Each amino acid substitution
potentially affects the function of a protein®. Particularly the substitution of the third amino
acid of human (s)Link-N (histidine) by leucine in bovine/canine (s)Link-N likely influences the
3D structure, and subsequently, receptor-docking of the peptide due to polarity differences.
Therefore, we decided to also study the effects of canine (s)Link-N on human, bovine, and
especially canine CLCs.

In line with previous work, in our study, human (s)Link-N exerted an anabolic effect on
human CLCs” ™ 3, whereas canine (s)Link-N exerted no anabolic effects on human CLCs.
Although suggesting a species-specific requirement, bovine CLCs were able to respond to
human (s)Link in our and previous studies by increasing the production of GAG" %, despite
the difference in amino acid sequence and polarity between human and bovine (s)Link-N.
Since bovine and canine Link-N do not differ in polarity and the sLink-N sequence is similar,
we hypothesized that canine (s)Link-N would exert an even more potent regenerative effect
on bovine CLCs than human (s)Link-N. The present study, however, showed that canine
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(s)Link-N only slightly increased GAG deposition, whereas it mainly induced collagen type |
and Il deposition in bovine CLCs, in contrast to the response to human (s)Link-N. Thus,
canine (s)Link-N may activate other pathways than human (s)Link-N in bovine CLCs.
Altogether, abovementioned findings imply that species differences in amino acid sequence
cannot only determine whether CLCs of a specific species respond to (s)Link-N or not, but
can also determine the direction of the CLC response to (s)Link-N. To confirm or reject this
hypothesis, future studies should look into the (difference in) specific pathways that are
influenced by species-specific (s)Link-N in CLCs from different species.

Since human (s)Link-N exerted only a limited anabolic effect on canine CLCs, we envisioned
to optimize the potency of this treatment by using canine (s)Link-N. The species-specific
(s)Link-N, however, also only exerted a minor anabolic effect on CD canine CLCs and no
effect on NCD canine CLCs. Thus, the results of this study indicate that both canine and
human (s)Link-N do not have the potency to be used as a regenerative therapy for canines
with IVD disease. Moreover, this implies that the dog cannot serve as a valid large animal
model for (s)Link-N treatment of human IVD degeneration.

Human and canine (s)Link-N slightly increased Smad signaling in canine CLCs

As human Link-N was shown to exert its effects on rabbit NCs via BMPRII by increased
Smad1/5/8 signaling'?, possible reasons for the limited response of canine CLCs to (s)Link-N
are insufficient expression of BMPRIl and/or not properly induced Smad signaling. In the
present study, canine CLCs expressed BMPRII mRNA, although this does not necessarily
indicate that the protein is expressed at the cell surface. Nonetheless, (s)Link-N mildly
induced Smad signaling in canine CLCs, indicating that the canine CLCs showed a receptor-
mediated effect. In contrast to rabbit NCs and canine CLCs, human and bovine CLCs did not
demonstrate increased pSmadl or -2 levels after 24 hours of human or canine (s)Link-N
treatment. This discrepancy can possibly be explained by species differences and/or
different cell types present in the NP (rabbit — NCs, human/bovine - CLCs). It remains to be
determined through which signaling pathways human (s)Link-N induces its effects, other
than via Smad signaling in human and bovine CLCs. Notably, while human/canine (s)Link-N
mildly induced Smad signaling in canine CLCs, it did not induce regenerative effects. Taken
together, the results of this study indicate that (s)Link-N signaling is species-specific.
Additionally, it appears that (s)Link-N can act via a yet unknown receptor besides BMPRII in
human and bovine CLCs, which is not or hardly present in canine CLCs. Therefore, future
studies should look into the efficacy of binding of (s)Link-N to different receptors in the
different species.

Conclusions

The current study demonstrates that human and canine (s)Link-N exerted species-specific
effects on CLCs from early degenerated IVDs. Although human (s)Link-N induced GAG
deposition in human and bovine CLCs, canine (s)Link-N did not affect ECM production in
human CLCs and mainly induced collagen deposition in bovine CLCs. Both canine and human
(s)Link-N, however, did not have the potency to be used as a regenerative therapy for
canines with IVD disease. This implies that the dog cannot serve as a large animal model for
(s)Link-N treatment of human IVD degeneration. From a clinical perspective, the present
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study underscores the importance of testing the validity of animals that serve as a model for
human IVD degeneration.
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Supplementary File 1. Concentration range human sLink-N on CD canine CLCs

Before the start of the current study, a concentration range of human (s)Link-N was tested
on one CD canine CLC donor (Beagle, 2 years of age). One hundred fifty thousand CLCs were
seeded in 6-well plates and treated with the indicated concentrations of sLink-N for 24
hours. Conditioned media was collected and quantified for GAG content. 0.5-5000 ng/mL
sLink-N increased GAG release in the culture medium. An optimal GAG release was
established at 50-5000 ng/mL sLink-N:
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Additionally, 150.000 CLCs were seeded in 6-well plates and treated with the indicated
concentrations of sLink N for 7 days. Protein was extracted in RIPA buffer and processed for
Western blotting. Decreased G1 fragment indicates less aggrecan degradation.
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Collagen type Il deposition was increased from 5 ng/mL sLink-N onwards. However, 50-5000
ng/mL did not seem to further increase collagen type Il deposition. Aggrecan degradation
was concentration-dependently decreased with 5 ng/mL sLink-N onwards. For these
reasons, we chose to apply 5 and 500 ng/mL sLink-N and corresponding Link-N
concentrations (10 and 1000 ng/mL) in the 3D micro-aggregates in the manuscript. Since
culturing CLCs in a 3D environment maintains their disc phenotype better than 2D culture,
3D micro-aggregates were used to determine the effect of (s)Link-N in the current study.

216



(short) Link-N

Supplementary File 2. The effect of human and canine (s)Link-N on GAG incorporation
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GAG incorporation ratio (mean + SD) of human, bovine, and CD canine CLC micro-aggregates treated with
basal culture medium (control), supplemented with 10 ng/mL TGF-B; (positive control), 1 pug/mL or 10 ng/mL
human or canine Link-N (LN) or 0.5 ug/mL or 5 ng/mL human or canine sLink-N (sLN). The CLC micro-
aggregates were cultured for 28 days. GAG incorporation percentages were calculated as the GAG content of
the micro-aggregate divided by the total amount of GAGs produced by that micro-aggregate (GAGs released in
the culture medium + GAG content of the micro-aggregate). ***: significantly different from controls. Bars
indicate significant differences between conditions (p<0.05). n=3, (human) or 6 (bovine and canine), all in
duplicates. ND: not determined, since GAG release was below the detection limit.
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Supplementary File 3. The effect of human (s)Link-N on canine CLCs in hypoxia vs.

normoxia
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GAG and DNA content (mean + SD) of CD canine CLC micro-aggregates treated with basal culture medium
(control), supplemented with 10 ng/mL TGF-B; (positive control), 1 pg/mL human Link-N (LN) or 0.5 pg/mL
human sLink-N (sLN). The CLC micro-aggregates were cultured for 28 days in normoxia (Nx, 21% O,) or hypoxia
(Hx, 5% 0,). (a) GAG content (b) DNA content (c) GAG content corrected for DNA content (d) Total amount of
GAGs released in the culture medium. *:p<0.05, **:p<0.01, ***:p<0.001. x, xx, xxx: significantly different
(p<0.05, p<0.01, p<0.001, respectively) from all other conditions (growth factor treatment) in either Hx or Nx.
n=6 (in duplicates).
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Supplementary File 4. The effect of human and canine (s)Link-N on non-chondrodystrophic

canine CLCs
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Effect of human and canine (short) Link-N on non-chondrodystrophic (NCD) canine chondrocyte-like cells
(CLCs). The NCD canine CLC micro-aggregates were treated with basal culture medium (control), supplemented
with 10 ng/mL TGF-B1, 1 ug/mL or 10 ng/mL canine or human Link-N (LN), or 0.5 pg/mL or 5 ng/mL human or
canine short Link-N (sLN) for 28 days in hypoxia (5% O,). (a) GAG content, (b) DNA content, (c) GAG content
corrected for DNA content, (d) total amount of GAGs released in the culture medium. *, ***: significantly
different from all other conditions (p<0.05, p<0.001, respectively). n=6 (in duplicates).
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Abstract

Preceding intervertebral disc (IVD) degeneration, the cell phenotype in the nucleus pulposus
(NP) shifts from notochordal cells (NCs) to chondrocyte-like cells (CLCs). Microarray analysis
showed a correlation between caveolin-1 expression and the phenotypic transition of NCs
to CLCs. With a clinical directive in mind, the aim of this study was to determine the role of
caveolin-1 in IVD degeneration. As a scaffolding protein, caveolin-1 influences several
signaling pathways and TGF-B receptors have been demonstrated to colocalize with
caveolin-1. Therefore, the hypothesis of this study was that caveolin-1 facilitates repair by
enhancing TGF-B signaling in the IVD. Protein expression (caveolin-1, apoptosis, progenitor
cell markers, extracellular matrix and phosphorylated Smad2 (pSmad2)) was determined in
IVDs of wild type (WT) and caveolin-1 null mice and canine IVDs of different degeneration
grades (immunofluorescence, immunohistochemistry, TUNEL assay). Canine/human CLC
micro-aggregates were treated with chondrogenic medium alone or in combination with
caveolin-1 scaffolding domain (CSD) peptide and/or caveolin-1 siRNA. After 28 days, gene
and protein expression profiles were determined. The NP of WT mice was rich in viable NCs,
whereas the NP of caveolin-1 null mice contained more collagen-rich extracellular matrix
and less cells together with increased progenitor cell marker expression, pSmad2 TGF-B
signaling and a high apoptotic activity. During canine IVD degeneration, caveolin-1
expression and apoptotic activity increased. In vitro caveolin-1 silencing decreased the CLC
micro-aggregates glycosaminoglycan (GAG) content, which could be rescued by CSD
treatment. Furthermore, CSD increased TGF-B/pSmad2 signaling at gene and protein
expression level and enhanced the anabolic effects of TGF-B; reflected in increased
extracellular matrix deposition by the CLCs. Caveolin-1 plays a role in preservation of the NC
phenotype. Additionally, it may be related with CLC apoptosis given its increased expression
in degenerated IVDs. Nevertheless, CSD enhanced CLC GAG deposition in vitro, and hence
the increased caveolin-1 expression during IVD degeneration may also facilitate an ultimate
attempt of repair. Further studies are needed to investigate how caveolin-1 modifies other
signaling pathways and facilitates IVD repair.
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Introduction

Low back pain has been identified as one of the highest burden conditions by the World
Health Organization and is the most common type of pain restricting daily activity®. Low
back pain is strongly related to intervertebral disc (IVD) degeneration®. The IVD consists of a
central nucleus pulposus (NP) and outer annulus fibrosus (AF). During IVD degeneration, the
glycosaminoglycan (GAG) and water content of the NP decreases. Like humans, dogs suffer
from spontaneous IVD degeneration with similar characteristics®. In both species,
notochordal cells (NCs) are replaced by chondrocyte-like cells (CLCs) in the NP during
maturation and early IVD degeneration. Therefore, the dog is considered to be a suitable
animal model for human IVD degeneration®. Dogs can be divided into chondrodystrophic
(CD) and non-chondrodystrophic (NCD) breeds based on their physical appearance. In CD
dogs, replacement of NCs by CLCs starts around one year of age and IVD disease typically
develops around 3-7 years of age, whereas in NCD dogs, NCs remain the predominant cell
type until middle/old age and if IVD disease develops it occurs around 6-8 years of age".
Current treatments for IVD disease (physiotherapy, medication and surgery) focus on
reducing pain and spinal cord/nerve decompression, but do not induce IVD repair.
Therefore, there is substantial interest in agents stimulating biological repair of the
degenerated IVD resulting in functional restoration®. Caveolin-1 could be such an agent, as
its advantageous effects have been demonstrated in several tissue types®®.

The mammalian caveolin family consists of three proteins (caveolin-1, -2, and -3), which are
integral membrane proteins essential for the structural integrity and function of caveolae
(flask-shaped invaginations of the plasma membrane) of many differentiated cell typesm'lz.
Caveolin-1 is involved in endocytosis, the formation and transport of caveolae, cell adhesion
and migration®®. Moreover, caveolin-1 is implicated in cell cycle regulation, senescence (cell
cycle arrest due to resistance to external stimulilo) and apoptosis“. As a scaffolding protein,
it regulates signal transduction'? and caveolin binding motifs have been identified in several
target proteins’. The effect of caveolin-1 on signaling pathways is usually inhibitory due to
sequestration and inactivation of molecules in caveolar membranes, but signaling can also
be enhanced by bringing molecules together’. Altogether, caveolin-1 has been shown to
exert context-dependent effects, ie. differing per tissue/cell type, age, and stage of
degeneration™.

Caveolin-1 is differentially expressed in the IVD: the NP of early degenerated canine 1VDs
expresses lower caveolin-1 levels than healthy canine NC-rich NPs™. In addition, the NP of
wild type (WT) mice is rich in viable NCs, whereas the NP of caveolin-1 null mice mainly
contains CLCs™. In humans, CLCs derived from degenerated IVDs express higher caveolin-1
levels than CLCs from non-degenerated IVDs®®. During IVD degeneration, accelerated cell
senescence takes place™® ! and a positive relationship between caveolin-1 expression and
premature stress-induced senescence has been reported in articular cartilage®® and the
IVD™. Altogether, this implies that caveolin-1 could play an important role in IVD
degeneration.

The aim of this study was to determine the role of caveolin-1 in IVD degeneration. TGF-p

signaling is known to play a role in the degenerative/regenerative processes of cartilaginous
tissues™® and TGF-B receptors have been demonstrated to colocalize with caveolin-1%.
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Therefore, we hypothesized that caveolin-1 modifies TGF-B signaling in the IVD and thereby
facilitates repair. To assess the effect of in vivo caveolin-1 depletion we studied murine
caveolin-1 null IVDs. With a clinical directive in mind, functional studies focused on the
effect of caveolin-1 on CLCs, since degenerated canine and human IVDs contain almost
100% CLCs. Caveolin-1 expression and apoptosis levels were determined in canine IVDs of
different degeneration grades and human and canine CLCs were silenced for caveolin-1
and/or supplemented with caveolin-1 scaffolding domain (CSD) peptide in vitro to
determine the (regenerative) effect of caveolin-1 on CLCs. In the present study we show
that, while caveolin-1 preserved the NC phenotype, its expression increased in degenerated
IVDs. Given that CSD supplementation enhanced the anabolic effects of TGF-B; on CLCs in
terms of increased GAG deposition in vitro, the increased caveolin-1 expression during IVD
degeneration may facilitate an ultimate attempt of repair by lowering the loss of GAGs.

Material and methods

Caveolin-1 null mice

Study population

Thoracic and lumbar spines were collected from 1.5-, 3-, and 6-month-old caveolin-1 null
(Cavt'”l’ws, JAX®, the Jackson Laboratory) and wild type (WT) mice (B6129SF2, JAX®) of the
same genetic background. Experimental procedures were performed according to the
guidelines of the Utrecht University Ethics Committee (DEC 2008.111.01.001).

Histology on paraffin embedded tissues

Murine lumbar spines were fixed in 4% neutral buffered formaldehyde (Klinipath),
decalcified (7 days in 10% EDTA) and embedded in paraffin. Mid-sagittal sections of 5 um
were mounted on Microscope KP+ slides (KP-3056, Klinipath), stained with H&E and Alcian
Blue/Picosirius Red?! and immunohistochemically stained for Ki-67 and collagen type II
(Table 1). An Apoptag® Plus Peroxidase In Situ Apoptosis Detection Kit (TUNEL assay, S7101,
Merck Millipore) was used to detect apoptotic cells on lumbar midsagittal sections. All
lumbar IVDs were evaluated (approximately four IVDs per lumbar spine). Raw images of the
sections were made using a Leica DFC420C digital camera (Leica Microsystems) mounted to
a BX60 microscope (Olympus) and the Leica Application Suite (V4.2) software package.
Adobe Photoshop CS6 was used to manually count (positively stained) cell numbers in each
NP. The percentage of nuclei that stained positive for TUNEL over the total number of nuclei
present was determined for every murine NP in conjunction with morphology to avoid false
positive results.
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Table 1. Details of the immunohistochemistry protocol

nd

Target Manufacturer Origin Antigen retrieval Block Concentration 2
protein 1% Ab Ab
Caveolin-1 Clone 2297, Mouse Citrate (10mM) 0.3% H,0,+  5pg/mL Goat Anti-
610406, BD 70°C, 60 min 10% goat in PBS Mouse,
Biosciences serum (K4001,
Dako)
Ki-67 Clone SP6, RM- Rabbit Citrate (10mM) 0.3% H,0, + 4ug/mL Goat Anti-
9106-S, Thermo 80°C, 90 min 10% goat in PBS Rabbit,
Scientific™ serum (K4003,
Dako)
Collagen 1I-116B3, Mouse 1 mg/mL pronase 0.3% H,0, , 0.02pg/mL Goat Anti-
type Il DSHB +10 mg/mL 5% BSA/ (murine, canine) Mouse,
hyaluronidase PBS or 0.4ug/mL (k4001,
37°C, 30 min (human) Dako)
in 5% BSA/PBS
Collagen ab6308, Abcam Mouse 1 mg/mL pronase 0.3% H,0,+ 0.1pg/mL Goat Anti-
type | +10 mg/mL 5% BSA/ (human) Mouse,
hyaluronidase PBS or 0.07pg/mL (k4001,
37°C, 30 min (canine) in 5% Dako)
BSA/PBS

Midsagittal IVD sections were deparaffinized with xylene and graded ethanol. The primary antibody was
applied at 4°C overnight. In control experiments, the primary antibody was substituted with mouse 1gG; (3877,
Santa Cruz Biotechnology); no false positive-staining was observed. The secondary antibody was applied for 60
minutes and the sections were incubated with the liquid DAB substrate chromogen system (K3468, Dako) for
10 minutes. The slides were stained with Hematoxylin QS solution (H3404, Vector Laboratories) for 10
seconds, dehydrated and mounted (H5000, Vector Laboratories). BSA: bovine serum albumin. PBS: phosphate
buffered saline.

Immunofluorescent staining

Thoracic IVDs were snap frozen and stored at -70°C until analysis. Ten um transverse
cryosections were stained for caveolin-1, phosphorylated Smad2 (pSmad2 indicating
activated TGF- signaling), and NP progenitor cell (NPPC) markers tyrosine-like receptor Tie2
and disialoganglioside 2 (GD2) (Table 2). Within 48 hours, confocal images were obtained
with a Zeiss LSM Upright Confocal Laser Scanning Microscope and the sections were
analyzed with Zen software 2011 (Zeiss Microscopy) in 2-3 transverse thoracic NP sections
per animal. Based on the observed expression pattern, caveolin-1, Tie2 and GD2 were
scored as being present or not present. The percentage of nuclei that stained positive for
pSmad2 over the total number of nuclei present (pSmad2 ratio) was manually counted and
calculated per murine NP and the mean pSmad2 ratio was determined per age group.
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Table 2. Details of the immunofluorescence protocol

Antibody Specifications Host Dilution Secondary antibody
Tie-2 324, Rabbit 4pg/mL Alexa Fluor® 594 AffiniPure Donkey Anti-
Santa Cruz Rabbit IgG (711-165-152, Jackson
Immunoresearch)
GD2 554272, Mouse 10ug/mL Alexa Fluor™ 488 Donkey Anti-Mouse IgG
BD Biosciences (A21202, Invitrogen)
Caveolin-1 2910, Rabbit Sug/mL Alexa Fluor® 594 AffiniPure Donkey Anti-
Abcam Rabbit IgG (711-165-152, Jackson
Immunoresearch)
pPSMAD2 3101s, Rabbit Sug/mL Alexa Fluor™ 488 Donkey Anti-Rabbit 1IgG
Cell Signaling (A21206, Invitrogen)
Negative Primary antibody - - Alexa Fluor™ 488 Donkey Anti-Mouse 1gG
control omitted (A21202, Invitrogen) +

Alexa Fluor® 594 AffiniPure Donkey Anti-
Rabbit IgG (711-165-152, Jackson
Immunoresearch)

The thoracic IVDs were embedded in OCT (14020108926, Leica Microsystems), transverse 10 um cryosections
were mounted on Superfrost Plus slides (4951PLUS4, Thermo Scientific) and treated with 1:1 in PBS diluted
TrypLE™ Express Enzyme (12605, Life Technologies) for 10 minutes at 37°C. They were blocked with 3% BSA
and 0.25% TritonX-100 (T8787, Sigma-Aldrich) for 30 minutes and incubated overnight at 4°C with the primary
antibodies diluted in 1% BSA in PBS. The secondary antibody was 1:250 diluted in 1% BSA and 0.1% TritonX-
100 in PBS and applied for 45 minutes at RT. The sections were mounted with Vectashield mounting medium
with DAPI (H-1200, Vector Laboratories).

Caveolin-1 expression in canine IVD degeneration

37 thoracolumbar or lumbosacral IVD samples from 16 canine cadavers were studied. The
dogs were of various breeds (5 CD, 11 NCD), age (1-16 years) and gender (11 female, 5
male). The samples were divided into 5 different grades of degeneration based on gross
morphology of midsagittal sections (Thompson grading): score | is healthy and score V
represents end stage degenerationzz' 2 The IVD donors were chosen based on equal
representation of all IVD degeneration grades (n=8-7-8-7-7 for grade I-V, respectively). All
dogs had been euthanized in unrelated research projects or were client-owned dogs that
were submitted for necropsy to the Pathobiology Department (Faculty of Veterinary
Medicine, Utrecht University). Five um thick midsagittal consecutive IVD sections were
mounted on Microscope KP+ slides and processed for caveolin-1 immunohistochemistry
(Table 1) and a TUNEL assay. Thereafter, raw images of the sections were made using a Leica
DFC420C digital camera (Leica Microsystems) mounted to a BX60 microscope (Olympus) and
the Leica Application Suite (V4.2) software package. Adobe Photoshop CS6 was used to
manually count (positively stained) TUNEL cell numbers and the integrated option ‘color
range’ was used to determine the area within the NP that stained positive for caveolin-1
(caveolin-1 ratio) in four randomly selected NP areas per IVD section. The mean percentage
of nuclei that stained positive for TUNEL over the total number of nuclei present in the four
randomly selected NP areas was determined in conjunction with morphology to avoid false
positive results.
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In vitro effects of caveolin-1 peptide on human and canine CLCs derived from degenerated
IVDs

CLC collection
In total, IVD tissue from 16 canine (11 CD, 5 NCD) and 3 human donors was collected.
Complete spines (2-11 years of age, Thompson score llI-lll) were collected from dogs that

had been euthanized in unrelated research studies (approved by the Utrecht University
Animal Ethics Committee). IVD tissue of three human donors (one male, two females, 47-63
years of age, Thompson score Ill) derived from the L2-L5 spinal region were obtained at
autopsy. Anonymous use of redundant tissue for research purposes is a standard treatment
agreement with patients in University Medical Centre Utrecht (Local Medical Ethical
Committee number 12-364). Thus, all necessary consent from patients involved in the study
was present. The material was collected as part of the tissue bank of the Department of
Pathology/UMCU Biobank UMC Utrecht. The scientific committee from the Department of
Pathology of UMC Utrecht (Wetenschappelijke Adviesraad Biobank) approved the study. All
tissue was used in line with the code Proper Secondary Use of Human Tissue, as installed by
the Federation of Biomedical Scientific Societies?.

Cell culture and experimental design

CLCs were collected from the canine and human NPs®® and thereafter expanded in
expansion medium?®. NCD canine donors that only contained CLCs in their NP were selected
using cytospins (Supplementary File 1). After the CLCs reached 80% confluence in P2, they
were plated in a 96-well plate (CLS7007, Costar’) at a density of 35,000 cells/well in 50 pl
chondrogenic culture medium: hgDMEM+Glutamax (31966, Invitrogen) with 1% P/S (P11-
010, GE Healthcare Life Sciences), 1% ITS+ premix (354352, Corning Life Sciences), 0.04
mg/mL L-proline (P5607, Sigma-Aldrich), 0.1 mM Ascorbic acid 2-phosphate (A8960, Sigma-
Aldrich), 1.25 mg/mL Human Serum Albumin (human CLCs, Sanquin Research) or Bovine
Serum Albumin (canine CLCs, A9418, Sigma-Aldrich) and 10 ng/mL TGF-B; (240-B, R&D
Systems). The micro-aggregates were cultured for 14 days (21% O,, 5% CO,, 37°C).

Caveolin-1 expression was silenced in CLCs from 6 CD canine donors and the following
conditions were tested: mock (100 nM Stealth™ RNAi Negative Control Duplex), siRNA (100
nM caveolin-1 Stealth™ RNAi siRNA Duplex) and siRNA + caveolin-1 scaffolding domain
peptide (CSD) (100 nM caveolin-1 siRNA oligo and 10 uM CSD (ALX-153-064, Enzo Life
Sciences)). The canine CLCs were transfected with 3 pL/mL Lipofectamine™ RNAIMAX
(13778-075, Invitrogen) at the moment of plating. Six hours after plating, the 96-well plates
were centrifuged at 50g for 5 minutes to induce micro-aggregate formation. Stealth™ RNAI
siRNA Duplex (10620312, Invitrogen) was used to silence caveolin-1 (NM_001003296): 5’
CACACCAAGGAAAUCGACCUGGUCA 3’ (GC percentage 52%). Stealth™ RNAi Negative
Control Duplex (GC percentage 48%, 12935-300, Invitrogen) was used to determine the
effect of Stealth™ RNAI siRNA Duplex versus background (mock).

To determine the optimal conditions for CSD to exert its effects, CLCs from three human
donors, five CD and five NCD canine donors with the following conditions were studied: T,
(chondrogenic culture medium with 2 ng/mL TGF-B,), T,Ci (2 ng/mL TGF-B; and 10 uM
CSD), T,Css (2 ng/mL TGF-B; and 25 uM CSD), T1o (10 ng/mL TGF-B1), T1oCio (10 ng/mL TGF-B,
and 10 uM CSD) and T1oCys5 (10 ng/mL TGF-B; and 25 uM CSD).
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Read out parameters

Two micro-aggregates per donor and condition were snap frozen at day 4 and RNA was
extracted, cDNA was made and RT-gPCR was performed for the target genes aggrecan
(ACAN), a disintegrin and metalloproteinase with thrombospondin motifs 5 (ADAMTS5),
activin receptor-like kinase 1 (ALK1), activin receptor-like kinase 5 (ALK5), BCL2-associated
protein (BAX), B-cell CLL/lymphoma 2 (BCL2), caspase 3 (CASP3), caveolin-1 (CAV1), cyclin
D1 (CCND1), collagen type 1Al (COL1A1), collagen type 2A1 (COL2A1), inhibitor of DNA
binding 1 (/D1), matrix metalloproteinase 13 (MMP13), plasminogen activator inhibitor-1
(PAI1, a read out for activated Smad2/3 signaling®’*°), sex determining region Y-box 9
(50X9), and tissue inhibitor of metalloproteinases (TIMP1) and the reference genes
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), ribosomal protein S19 (RPS19),
hypoxanthine-guanine phosphoribosyltransferase (HPRT) and succinate dehydrogenase
subunit A (SDHA) as previously described®®. An overview of the primer pairs is given in
Supplementary File 2. In addition, two micro-aggregates per condition per donor were
collected at day 7 and 14 and the GAG and DNA content of the CLC micro-aggregates and
GAG release into the culture medium was determined as previously described®®. To
determine caveolin-1 protein silencing efficiency, two snap frozen micro-aggregates per
condition per donor were pooled, crushed and dissolved in RIPA buffer at day 7 and 14.
Caveolin-1 protein was measured using an ELISA (SEA214Ca, Cloud-Clone Corp.).
Histopathological evaluation of the micro-aggregates was performed with Safranin O/Fast
Green staining26 and collagen type | and Il immunohistochemistry (Table 1). Western blot
analysis was performed as described previously for pSmad2 (Ser 465/467, 60 kDa, 3101,
Cell-Signaling) and B-actin (42 kDa, pan Ab-5, Neomarkers)*®. 200,000 CD canine CLCs
(mixture of the previously used CD canine donors) were plated per well (6-wells plate,
657160, Greiner CELLSTAR®) in expansion medium. After 5 days, the cells received 3 mL
chondrogenic culture medium with/without CSD. The following conditions were tested: T,
T2C10, T2Cas, T1o, T10C10 and Ty10Cys. After 24 hours of treatment, protein samples were
obtained and homogenized in RIPA buffer containing 0.6 mM phenylmethylsulphonyl
fluoride, 17 pg/ml aprotinin and 1 mM sodium orthovanadate (Sigma-Aldrich). Protein
concentrations were measured using the Qubit® Protein Assay Kit (Q32851, Invitrogen)
according to the manufacturer’s instructions. The mean volume of the protein bands on the
blots was determined by volumetric (INT*mm?) band analysis using Quantity One software.
The mean volume of pSmad2 was divided by the mean volume of B-actin (pSmad2/B-actin
ratio) to correct for different protein concentrations applied to the membranes.

Statistical analysis

Statistical analysis was performed using IBM SPSS (version 22) and R Studio (version 0.96).
All data were examined for normal distribution (Shapiro Wilks test). Kruskal Wallis and
Mann-Whitney U tests were performed on non-normally distributed data, whereas general
linear regression models based on ANOVAs were used for normally distributed data. A cox
proportional hazard model was used for genes with undetectable expression (Ct-value >40).
To find correlations between the caveolin-1/TUNEL ratio and IVD degeneration score, partial
correlations (corrected for donor) were determined. All above-mentioned tests were
followed by a Benjamini & Hochberg False Discovery Rate post-hoc correction for multiple
comparisons. A p-value < 0.05 was considered significant.
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Results

The effect of in vivo caveolin-1 inactivation on the murine nucleus pulposus

In vivo caveolin-1 loss did not affect the morphometry of the murine IVDs (Supplementary
File 3). However, there was a distinct difference in morphology between NP cells of WT and
caveolin-1 null mice. The NP of WT mice was rich in large, vacuolated NCs, whereas the NP
of caveolin-1 null mice contained relatively few, smaller, non-vacuolated chondrocyte- and
fibroblast-like cells at every studied age (Figure 1a). NCs were diffusely scattered throughout
the NP of 1.5-month old WT mice, whereas they were mainly located in the center of the NP
surrounded by a rim of chondroid matrix in 3- and 6-month old WT mice. WT mice NP cell
numbers did not considerably change during ageing, whereas NP cell numbers of caveolin-1
null mice decreased over time with significantly less cells at 1.5 and 6 months of age (Figure
1b, p<0.05). At the ages tested, the proportion of positively stained TUNEL cell nuclei
(TUNEL ratio) was significantly higher in the NP of caveolin-1 null mice than in WT mice
(Figure 1b, p<0.05), indicating that the in vivo loss of caveolin-1 induced apoptosis of murine
NP cells leading to lower cell numbers. In vivo caveolin-1 loss did not affect the expression
of the cell proliferation associated protein Ki-67: there was no positive Ki-67 staining in WT
or caveolin-1 null mice NPs (data not shown). In the caveolin-1 null mice, GAGs and collagen
type Il were abundantly present in the extracellular matrix (ECM), whereas it was present to
a lesser extent in WT NPs (Figure 2).

mmunofluorescent staining confirmed that caveolin-1 null NP cells expressed no caveolin-1
at the protein level, whereas NCs of WT mice abundantly expressed caveolin-1 in their
cytoplasm and cell membrane at every studied age (Figure 3). In vivo caveolin-1 inactivation
increased the expression of NPPC markers Tie2 (differentiation marker for dormant
NPPCs®!) and GD2 (NPPC proliferation marker®®): caveolin-1 null NP cells abundantly
expressed these markers at every studied age, whereas WT NCs only expressed Tie2 at 1.5
months of age and GD2 at 1.5 and 6 months of age (Figure 3). GD2 was intracellularly
compartmentalized in caveolin-1 null NP cells, but localized in the cell membrane of WT
mice NCs. Moreover, the percentage of cells expressing nuclear pSmad2 protein was
significantly higher in the 1.5-month-old murine caveolin-1 null NPs compared with murine
WT NPs of the same age. The percentage of cells expressing pSmad2 was significantly
increased in the 3-month-old WT NPs compared with the 1.5-month-old WT NPs. At 3 and 6
months of age, WT and caveolin-1 null NP cells showed a similar percentage of pSmad2
positive stained nuclei, indicating comparable levels of activated Smad2 TGF-B signaling
(Figure 4, p<0.05).
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Figure 1. Effect of in vivo caveolin-1 inactivation on morphology and apoptosis of murine nucleus pulposus
cells. (a) H&E stained nucleus pulposus sections of wild type (WT) and caveolin-1 null mice at 1.5, 3, and 6
months of age. Typical large, vacuolated NCs are present in the NP of WT mice, whereas smaller, non-
vacuolated CLCs are present in the NP of caveolin-1 null mice. (b) The IVD of a 1.5-month-old WT mice stained
with a TUNEL assay shows only some brown apoptotic cell nuclei, whereas the IVD of a 1.5-month-old
caveolin-1 null mice shows many positive nuclei. NP cell numbers are significantly lower in caveolin-1 null mice
than in WT mice at 1.5 and 6 months of age. The proportion of apoptotic cell nuclei (TUNEL ratio) is
significantly higher in the NP of caveolin-1 null mice than in the NP of WT mice at every tested age. WT: wild
type. *:p<0.05, **:p<0.01, ***:p<0.001. n=4-9 per age group and condition (WT or caveolin-1 null mice).
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Figure 2. Effect of in vivo caveolin-1 inactivation on extracellular matrix production of the murine nucleus
pulposus. Picosirius Red/Alcian Blue staining and immunohistochemistry for collagen type Il on the nucleus
pulposus of wild type (WT) and caveolin-1 null mice. GAGs and collagen type Il are abundantly present in the
extracellular matrix of caveolin-1 null mice NPs, whereas it was present to a lesser extent in WT mice NPs. Bars
indicate 100 um. n=4-9 per age group and condition (WT or caveolin-1 null mice).
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Figure 3. GD2 and Tie2 expression is increased in caveolin-1 null mice. Immunofluorescent staining for
caveolin-1 (red), GD2 (green) and Tie2 (red) on the nucleus pulposus of wild type (WT) and caveolin-1 null
mice. The cell nuclei were stained with DAPI (blue). WT: wild type. Bars indicate 25 um. n=2-5 per age group
and condition (WT or caveolin-1 null mice).
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Figure 4. Phosphorylated Smad2 (pSmad2) expression is lower in young wild type than in young caveolin-1
null mice. Immunofluorescent staining for pSmad2 (green) on the nucleus pulposus of wild type (WT) and
caveolin-1 null mice. The cell nuclei were stained with DAPI (blue). pSmad2 protein expression (pSmad2 ratio)
is significantly lower in the murine WT nucleus pulposus (NP) at 1.5 months of age than in the murine WT NP
at 3 months of age and the murine caveolin-1 null NP at 1.5 and 3 months of age. WT: wild type. Bars indicate
25 um. n=2-5 per age group and condition (WT or caveolin-1 null mice). *:p<0.05.

Caveolin-1 expression and apoptosis during canine IVD degeneration

Apoptotic (TUNEL positive) cell nuclei were observed in healthy NC-containing NPs and in
degenerated CLC-containing NPs (Figure 5a). NPs obtained from IVDs with Thompson score
IV and V demonstrated significantly more apoptotic cells than healthy and early
degenerated NPs (Thompson score | and Il) in CD and NCD dogs (Figure 5b, p<0.05). Also,
there was a significant positive correlation between apoptosis levels and IVD degeneration
grade in CD and NCD dogs (Figure 5B, r:0.607 and r:0.486, respectively, p<0.05). There were
no statistically significant differences between CD and NCD dogs for apoptosis levels per
Thompson score. Caveolin-1 expression was localized in the cytoplasm and cell membrane
of NCs from healthy NPs and in CLCs from (severely) degenerated NPs (Figure 5a). No
correlation between caveolin-1 expression and donor age was encountered (data not
shown). Also, there were no statistically significant differences between CD and NCD dogs
for caveolin-1 expression per Thompson score. The expression of caveolin-1 significantly
increased during IVD degeneration in CD dogs (Figure 5c, p<0.05). Caveolin-1 expression and
IVD degeneration grade (Thompson score |-V) did not correlate in NCD dogs (r:-0.247), while
in CD dogs there was a strong positive correlation between caveolin-1 expression and IVD
degeneration grade (Figure 5c, r:0.719, p<0.01). However, given that NC-rich Thompson
score | IVDs were only available from NCD dogs, when excluding those Thompson score |
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IVDs, caveolin-1 expression weakly correlated with IVD degeneration for the range of
Thompson score II-V in the NCD dogs (Figure 5c, r:0.349). No statistically significant
correlation between caveolin-1 expression and apoptosis levels was found in CD or NCD
canine NPs (data not shown).

Figure 5. Caveolin-1 expression and
Healthy Degenerated apoptosis levels are increased during
= 3

canine intervertebral disc degeneration.
(a) TUNEL assay and immunohistochemical
o staining for caveolin-1. Part of a healthy
=z canine NP (Thompson score 1) and a
,_:_) severely degenerated canine NP
(Thompson score V) with brown apoptotic
NC nuclei (TUNEL) and brown NC
membranes and cytoplasm (caveolin-1). (b)
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In vitro effects of caveolin-1 on human and canine CLCs

The effect of caveolin-1 silencing in canine CLCs in vitro

With a clinical directive in mind, caveolin-1 was silenced and caveolin-1 scaffolding domain
(CSD) peptide (which mimics the function of caveolin-1¥ % 323%) was added to canine and
human CLCs derived from degenerated IVDs to determine whether caveolin-1 modifies TGF-
B signaling in CLCs with concurrent effects on extracellular matrix level.

CAV1 mRNA knockdown in the caveolin-1 silenced CLCs was 70% compared with mock-
treated CLCs at day 4 (p<0.001, Figure 6a). CSD treatment upregulated CAVI mRNA
expression in canine CLCs silenced for caveolin-1 (p<0.05). Caveolin-1 protein knockdown
was 53% compared with mock-treated CLCs at day 7 and 48% at day 14 (Figure 6a). While
PAI1 expression was decreased in caveolin-1 silenced CLCs compared with mock-treated
CLCs (p<0.05), ALK5 and PAI1 expression was increased by CSD treatment of these CLCs
(p<0.01, Figure 6b), which indicated activated TGF-B/ Smad2/3 signaling under the influence
of CSD at least at gene expression level. Expression of the anti-apoptotic BCL2 gene was
decreased by caveolin-1 silencing, whereas the addition of CSD reversed this effect (p<0.05,
Figure 6b). Gene expression of MMP13, ACAN (Figure 6b), COL1A1, COL2A1, SOX9, TIMP1,
ALK1, ID1, CCND1, BAX and CASP3 (data not shown) was not significantly different between
the conditions.

Caveolin-1 silenced CLCs showed increased ADAMTS5 expression compared with mock-
treated CLCs (p<0.05), whereas CSD treatment reversed this effect (p<0.01, Figure 6b). Also,
the GAG content of caveolin-1 silenced micro-aggregates was significantly lower than in
mock-treated micro-aggregates at day 7 (17%, p<0.05), but not at day 14 (10%, Figure 6c).
CSD treatment increased the GAG content of caveolin-1 silenced micro-aggregates at day 14
(14%, p<0.05). GAG release into the culture medium (data not shown) and the DNA content
(Figure 6c¢) of the micro-aggregates was not considerably different between the conditions.

All CLC micro-aggregates stained positive for GAGs, collagen type | and Il (Figure 6c¢). In the
mock-treated micro-aggregates and mainly in the caveolin-1 silenced micro-aggregates
supplemented with CSD, a collagen type Il positive rim was present, but not in the caveolin-
1 silenced micro-aggregates not supplemented with CSD.

The dose-response effect of caveolin-1 peptide on canine and human CLCs in vitro

Since CSD treatment rescued the effects of caveolin-1 silencing and exerted anabolic effects
on canine CLCs by modifying TGF-B signaling at gene expression level, different
concentrations, i.e. 2 ng/mL TGF-B1(T;), 10 ng/mL TGF-B1(T1o), 10 uM CSD (Cyp), and 25 uM
CSD (Czs) were tested to determine the additive effect of CSD on TGF-B; treatment of
human, CD and NCD canine CLCs. The DNA content of CD and NCD canine Tg-treated micro-
aggregates was significantly higher than that of T,-treated micro-aggregates (p<0.05),
whereas this was not observed in human micro-aggregates (Figure 7). Only in NCD canine
donors, T,Cys-treated micro-aggregates showed an increased DNA content compared with
T,Cyio-treated micro-aggregates (p<0.05). CSD treatment did not affect the DNA content of
human and CD canine micro-aggregates.
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Figure 7. The dose-response effect of caveolin-1 on canine and human CLCs in vitro. DNA content, GAG
content (corrected for DNA content) and GAG release into the culture medium of human, CD and NCD canine
CLC micro-aggregates with corresponding Safranin O/Fast Green, collagen type | and Il IHC stained sections.
Generally, the GAG content was increased in the micro-aggregates treated with 25uM CSD, whereas the GAG
release in the culture medium was decreased in these 25uM CSD-treated micro-aggregates. T,: 2 ng/mL TGF-
B1, T10: 10 ng/mL TGF-B4, C1o: 10uM CSD, C,s: 25uM CSD, Bars indicate 100um. n=5 (canine chondrodystrophic
(CD) and non-chondrodystrophic (NCD)) and n=3 (human); two micro-aggregates were analyzed per donor and
condition. *:p<0.05.
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In CD and NCD donors, the GAG content of the T,C,s-treated micro-aggregates was
significantly higher (35% for CD, 25% for NCD) than the GAG content of T,-treated micro-
aggregates (Figure 7). Additionally, only in CD donors, the GAG content of the T1,C,s-treated
micro-aggregates was significantly higher (26%) than the GAG content of the Tyo-treated
micro-aggregates. GAG release in the culture medium was approximately three times
decreased in T,Cs-treated CLC micro-aggregates compared with T,-treated CLC micro-
aggregates in all species (p<0.05, Figure 7). Total GAG production (GAG content in the
micro-aggregates plus GAG release into the culture medium) appeared to be 20-40%
decreased by 25 uM CSD treatment in all species and was significantly decreased in T,Cys-
treated CD and NCD canine CLCs compared with T,- and T,Cyo-treated CD and NCD canine
CLCs (p<0.05), but not significantly different between the differentially treated human CLCs
(data not shown). The GAG content of human CLC micro-aggregates was lower than the
GAG content of CD and NCD canine micro-aggregates. In contrast to canine CLC micro-
aggregates, human CLC micro-aggregates demonstrated no collagen type |l protein
deposition (Figure 7). Furthermore, CSD treatment increased collagen type | deposition in
human CLC micro-aggregates, whereas this was not observed in canine CLC micro-
aggregates.

Western blot analysis demonstrated that pSmad2 protein expression was 1.7 times higher in
CD canine CLCs treated with 2 ng/mL TGF-B; than in those treated with 10 ng/mL TGF-B;
(Figure 8). pSmad2 protein expression was 1.3-1.5 times higher in the canine CLCs treated
with 10 or 25uM CSD and 2 ng/mL TGF-B; than those only treated with 2 ng/mL TGF-B;
(Figure 8). Furthermore, pSmad2 protein expression was 1.1-1.2 times higher in the CLCs
treated with 10 or 25uM CSD and 10 ng/mL TGF-B; than in those only treated with 10 ng/mL
TGF-B; (Figure 8). Altogether, this indicates that CSD peptide treatment enhanced TGF-
B/pSmad2 signaling.

T2 T2C10 T2C€25 Tio TioC10 T10C25

pSmad2 |
60 kDa
B-actin

22kDa | S e s e — |
pSmad2 versus 3-actin
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Figure 8. Caveolin-1 enhances TGF-B/ pSmad2 signaling in canine CLCs in vitro. Western blot analysis for
pSmad2 and B-actin protein expression in CD canine CLCs after 24 hours of treatment, expressed as pSmad2/
B-actin ratio. T,: 2 ng/mL TGF-B,, T1o: 10 ng/mL TGF-B;, Cio: 10uM CSD, Cys: 25uM CSD. The pSmad2/ B-actin
ratio in the T,-treated CLCs was set at 1.
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Discussion

The present study demonstrates that caveolin-1 plays a role in IVD degeneration. In vivo
studies with murine caveolin-1 null NPs demonstrated that caveolin-1 was essential for NC
preservation. Furthermore, we demonstrated that caveolin-1 expression and apoptosis
levels significantly increased during CD canine IVD degeneration. In addition, in vitro
caveolin-1 silencing decreased CLC ECM deposition, while CSD supplementation increased
TGF-B/ pSmad2 signaling at gene and protein expression level and enhanced the anabolic
effects of TGF-B; on CLCs resulting in higher extracellular matrix deposition. Taken together,
this may indicate that the increased caveolin-1 expression during IVD degeneration
facilitates an anabolic reparative response of the CLCs at least by modifying TGF-B signaling
rather than being merely correlated with CLC apoptosis.

Caveolin-1 is essential for NC physiology

Histological analysis of caveolin-1 null NPs revealed that apoptotic cells were present in the
healthy WT murine NP at 1.5, 3 and 6 months of age, implying that during IVD tissue
homeostasis, there is physiologic turnover of NP cells (they proliferate and undergo
apoptosis). Affirmatively, previous work already demonstrated apoptotic cells in IVDs from
two-week-old WT mice®. Caveolin-1 null NPs showed the absence of typical NCs in favor of
chondrocyte/fibroblast-like cells with an increased apoptotic activity, suggesting that
caveolin-1 is essential for NC preservation. In line with this thought, NPs of NCD dogs with
Thompson grade |, rich in NC cells, abundantly expressed caveolin-1, while the caveolin-1
null mice had lost their NCs already when they were skeletally mature (young adult), which is
rather comparable with the loss of NCs in young adult CD dogs and humans. In the NP of 1.5-
month-old caveolin-1 null mice (with lower total NP cells numbers than WT mice),
Tie2"/GD2" progenitor cells were present, and TGF-B signaling mediated by pSmad2
probably facilitated abundant ECM deposition. Affirmatively, Tie2/GD2 positive NP cells have
been shown to possess superior ECM production, self-renewal, multipotent differentiation
and proliferation capacity31. Increased cell proliferation is associated with late stage IVD
degeneration®. Notably, the NPPC proliferation marker GD2 was expressed in caveolin-1
null and WT mice NPs, but Ki-67 positivity was not detected. The short Ki-67 protein half-life
(90 minutes) and nutritionally deprived NP environment may explain the absence of Ki-67 in
murine NPs®*. GD2 appeared intracellularly compartmentalized in caveolin-1 null NP cells,
but localized to the cell membrane of WT NCs. We hypothesize that in the caveolin-1 null NP
phenotype, GD2 may not mark proliferating cells per se if the different localization could
render GD2 inactive, but future studies should look into the functionality of GD2 in caveolin-
1 null NP cells.

Altogether, caveolin-1 plays a role in the preservation of healthy NCs, since in vivo
inactivation of caveolin-1 induced a change in cell phenotype from NCs towards CLCs with a
high apoptotic activity in mice. Activated NPPCs and TGF-B/ pSmad2 signaling probably
resulted into GAG- and collagen-rich ECM deposition in the caveolin-1 null mice NP. The
caveolin-1 null mice showed several metabolic/endocrine disorders®*® that could have
influenced their NP phenotype, e.g. insulin resistance leading to diabetes mellitus, which
has been associated with premature NC senescence and apoptosis®. Further studies need
to concentrate at earlier stages of development in order to delineate how caveolin-1
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preserves NCs, including modification of MAPK/ERK, Wnt®, Indian/Sonic Hedgehog signaling
pathways*" *? and/or glucose transportation®* %,

Caveolin-1 increases during IVD degeneration mediating a reparative response

Caveolin-1 is known to induce apoptosis via - amongst others - cell cycle arrest in the G2/M
phase45 and by influencing the expression of the anti-apoptosis protein survivin®® 4.
Caveolin-1 may induce senescence in CLCs given that in NPs derived from degenerated CD
canine and human IVDs, caveolin-1 expression’® and apoptosis levels were positively
correlated with IVD degeneration grade. However, a causative relationship in the IVD
remains to be determined. Based on the results of the present study, it is tempting to
hypothesize that the increased caveolin-1 expression in degenerated IVDs may be part of an
ultimate attempt of (unsuccessful) repair. With a clinical directive in mind (degenerated
human and canine IVDs contain almost 100% CLCs), the effect of caveolin-1 was investigated
in human and canine CLCs derived from degenerated IVDs by silencing for caveolin-1 and/or
supplementing with CSD peptide. Caveolin-1 silencing decreased anti-apoptotic BCL-2
expression, whereas CSD addition increased it to baseline levels again, opposing the
hypothesis that caveolin-1 itself induces CLC apoptosis. Furthermore, caveolin-1 silencing
increased ADAMTS5 expression and decreased the GAG content of the micro-aggregates,
whereas when the canine CLCs were treated with CSD, ADAMTS5 expression decreased and
the GAG content was restored. In line with this, GAG release was decreased in 25 uM CSD-
treated human and canine CLCs. Notably, caveolin-1 silencing and CSD supplementation did
not influence collagen type | deposition by canine CLCs, while its deposition was increased
by CSD treatment in human CLCs. It is plausible that caveolin-1 exerts a protective effect by
decreasing ECM degradation, given its well described anti-inflammatory properties*®°. This
altogether implies that decreased GAG degradation resulted in the significantly increased
GAG content of CSD-treated canine CLCs. The underlying mechanisms for the latter could be
decreased ECM degradation and/or more collagen type Il protein expression that enables
the deposition® and prevents the release of GAGs.

The results of this study imply that caveolin-1 regulates TGF-B signaling in CLCs in vitro:
caveolin-1 silencing decreased, whereas CSD supplementation increased TGF-B/ Smad2
signaling at gene and protein expression level. TGF-f signals through two membrane TGF-f
receptors type | (ALK1 and ALKS5) and one TGF-B receptor type Il. These TGF-B receptors
have been demonstrated to colocalize with caveolin-1°. TGF-B receptor type I
phosphorylates TGF-B receptor type |. When ALKS is phosphorylated, Smad2/3 signaling
becomes activated and ECM is produced. However, when ALK1 is phosphorylated,
Smad1/5/8 signaling becomes activated, which inhibits Smad2/3 signaling and ECM
production®” >3 In this study we demonstrate that CSD enhanced the anabolic effect of TGF-
B1 in terms of ECM deposition in the micro-aggregates. Caveolin-1 silencing decreased PA/1
(a classical readout for activated Smad2/3 TGF-B signaling”’*°) gene expression, while CSD
supplementation increased ALK5 and PAI1 gene expression, did not influence ALK1 or ID1
(readout for activated Smad1/5/8 signaling) gene expression and increased pSmad2 protein
expression. This all indicates that caveolin-1 indeed enhanced TGF-B-induced Smad2/3
signaling.
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There is evidence that caveolin-1 acts differently according to stimulating/inhibiting signals
and cellular context, e.g. cell type, age, and disease/health stage of the tissue” **>*. In the
present study, caveolin-1 enhanced TGF-B signaling mediated by pSmad2 in CLCs from
degenerated IVDs in vitro, while the opposite is true for earlier reports“’ >57 In line with
our results, however, TGF-B signaling is reduced in caveolin-1-deficient fibroblasts®® and
regenerating hepatocytes of caveolin-1 null mice”. Notably, in caveolin-1 silenced canine
CLCs, ECM production was decreased, whereas in caveolin-1 null mice, which initially
contained primarily NCs, abundant ECM was deposited. This implies that caveolin-1 may
indeed have different functions in NCs and CLCs: caveolin-1 is required for NC preservation,
whereas in CLCs it may be related with apoptosis and/or it may influence signaling pathways
(such as TGF-B) that support ECM deposition.

Conclusions

The current study demonstrates that caveolin-1 plays a role in IVD degeneration. The
abundant expression of caveolin-1 in NCs from NCD dogs and the loss of healthy NCs in the
NP of caveolin-1 null mice indicate that caveolin-1 supports preservation of the NC
phenotype. In the CD canine NP, both caveolin-1 expression and apoptosis levels had a
positive correlation with IVD degeneration grade, indicating that caveolin-1 may be related
with CLC apoptosis. Nevertheless, ECM deposition was decreased by in vitro caveolin-1
silencing of canine CLCs, whereas CSD peptide increased TGF-B/ pSmad2 signaling at gene
and protein expression level and enhanced the anabolic effects of TGF-B; with concomitant
increased extracellular matrix deposition. This implies that the increased caveolin-1
expression during IVD degeneration may be an anabolic repair response rather than being
merely correlated with CLC apoptosis. Further studies are needed to investigate how
caveolin-1 modifies other signaling pathways and facilitates IVD repair.
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Supplementary File 1. Cytospins of canine CLC donors
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Cytospins of the 5 canine NCD donors used in the study: 100% CLCs were present, and no NCs with the typical
vacuolated appearance.
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Supplementary 2. Primers used for quantitative PCR of canine samples

Caveolin-1

Genes Forward sequence 5’ - 3’ Reverse sequence 5’ - 3’ A.mpllcon Annea[mg
size temp (°C)
Reference genes
GAPDH TGTCCCCACCCCCAATGTATC CTCCGATGCCTGCTTCACTACCTT 100 58
HPRT AGCTTGCTGGTGAAAAGGAC TTATAGTCAAGGGCATATCC 104 58
RPS19 CCTTCCTCAAAAAGTCTGGG GTTCTCATCGTAGGGAGCAAG 95 61
SDHA GCCTTGGATCTCTTGATGGA TTCTTGGCTCTTATGCGATG 92 56.5
Target genes
ACAN GGACACTCCTTGCAATTTGAG GTCATTCCACTCTCCCTTCTC 111 62
ADAMTS5 CTACTGCACAGGGAAGAG GAACCCATTCCACAAATGTC 149 61
ALK1 CCTTTGGTCTGGTGCTGTG CGAAGCTGGGATCATTGGG 107 61
ALK5 GAGGCAGAGATTTATCAGACC ATGATAATCTGACACCAACCAG 116 59.5
BAX CCTTTTGCTTCAGGGTTTCA CTCAGCTTCTTGGTGGATGC 108 58
BCL2 TGGAGAGVGTCAACCGGGAGATGT AGGTGTGCAGATGCCGGTTCAGGT 87 62
CASP3 ATCACTGAAGATGGATGGGTTGGGTT TGAAAGGAGCATGTTCTGAAGTAGCACT 139 58
CAV1 CGCACACCAAGGAAATCG AAATCAATCTTGACCACGTCG 72 60
COL1A1 GTGTGTACAGAACGGCCTCA TCGCAAATCACGTCATCG 109 61
COL2A1 GCAGCAAGAGCAAGGAC TTCTGAGAGCCCTCGGT 151 62
CCND1 GCCTCGAAGATGAAGGAGAC CAGTTTGTTCACCAGGAGCA 117 60
ID1 CTCAACGGCGAGATCAG GAGCACGGGTTCTTCTC 135 59.5
MMP13 CTGAGGAAGACTTCCAGCTT TTGGACCACTTGAGAGTTCG 250 65
PAI1 AAACCTGGCGGACTTCTC ACTGTGCCACTCTCATTCAC 98 61.5
SOX9 CGCTCGCAGTACGACTACAC GGGGTTCATGTAGGTGAAGG 105 62
TIMP1 GGCGTTATGAGATCAAGATGAC ACCTGTGCAAGTATCCGC 120 66

All primers were designed in-house using Perlprimer except for MMP-13" and BAX .
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Supplementary File 3. Histomorphometrical measurements of the IVD, AF, and NP of WT
and caveolin-1 null mice

disc length disc width nucleus length nucleus width dorsal annulus length
‘: =
ventral annulus length cranial annulus length caudal annulus length disc area nucleus area
AF
dorsal disc height central disc height  ventral disc height
EP

Measurement WT 1.5 Cav-1 null WT 3 months | Cav-1null3 | WT 6 months Cav-1null6

months 1.5 months months months
IVD length (um) 915 + 207 964 + 152 1,139+151 | 1,149+55 | 1,209+ 251 984 + 111
IVD width (um) 359 +51 383 +53 356 +42 376 + 80 347 £ 50 391 +45
Dorsal IVD height 298 +57 349+113 313+50 235+71 306 + 40 297 +23
(pm)
Ventral IVD 508 +124 463 + 148 570 +150 554 + 80 482 + 75 495 + 89
height (um)
Central IVD 359 +51 383+55 356+ 41 377+78 364 %51 391 +41
height (um)
IVD area (p.mz) 343,231+ 398,678 £ 431,116 + 402,970 + 440,733 358,400 +

89,733 95,096 105,283 74,510 130,238 77,423
NP length (pm) 597 + 196 520 + 183 738 75 671 +123 817 +213 584 + 78
NP width (um) 248 +77 294 +119 337+39 360 + 108 346 + 50 349 + 87
NP area (um?) 134,884 + 138,704 + 200,078 + 193,994 + 234,358 + 168,230 +

84,690 77,067 37,215 75,365 82,046 49,878
Dorsal AF length 134 +56 264 +133 119+32 177 +107 127 + 64 190 £ 55
(um)
Ventral AF length 178 £ 62 179 +39 278 £ 64 293 £57 258 £52 201 +£52
(um)
Cranial AF length 38+31 49 +52 6.5+5.7 8.1+14.0 00 18+24
(pm)
Caudal AF length 69+ 53 38+29 12.4+18.4 6.7+11.7 00 23+33
(km)

Histomorphometrical measurements of the murine intervertebral disc (IVD). No statistically significant
histomorphometrical differences in the IVD/NP/AF between WT and caveolin-1 null mice at 1.5, 3, and 6
months of age. WT: wild type, IVD: intervertebral disc, NP: nucleus pulposus, AF: annulus fibrosus. IVD
morphometry was performed on the raw images using Image J software (Rasband NIH).
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Abstract

The endocrine feedback loop between vitamin D3 (1,25(0OH),Ds3) and parathyroid hormone
(PTH) plays a central role in skeletal development. PTH-related protein (PTHrP) shares
homology and its receptor (PTHR1) with PTH. The aim of this study was to investigate
whether there is a functional paracrine feedback loop between 1,25(0OH),D3 and PTHrP in
the growth plate, in parallel with the endocrine feedback loop between 1,25(0OH),Ds; and
PTH. This was investigated in ATDC5 cells treated with 10® M 1,25(0OH),D; or PTHrP, Col2-
pd2EGFP transgenic mice, and primary Col2-pd2EGFP growth plate chondrocytes isolated by
FACS, using RT-qPCR, Western blot, PTHrP ELISA, chromatin immunoprecipitation (ChIP)
assay, silencing of the 1,25(0OH),Ds; receptor (VDR), immunofluorescent staining,
immunohistochemistry, and histomorphometric analysis of the growth plate. The ChIP assay
confirmed functional binding of the VDR to the PTHrP promoter, but not to the PTHR1
promoter. Treatment with 1,25(0OH),D3 decreased PTHrP protein production, an effect which
was prevented by silencing of the VDR. Treatment with PTHrP significantly induced VDR
production, but did not affect 1la- and 24-hydroxylase expression. Hypertrophic
differentiation was inhibited by PTHrP and 1,25(0OH),D; treatment. Taken together, these
findings indicate that there is a functional paracrine feedback loop between 1,25(0OH),D3 and
PTHrP in the growth plate. 1,25(0OH),D3 decreases PTHrP production, while PTHrP increases
chondrocyte sensitivity to 1,25(0OH),Ds by increasing VDR production. In light of the role of
1,25(0H),D3 and PTHrP in modulating chondrocyte differentiation, 1,25(0OH),D3 in addition
to PTHrP could potentially be used to prevent undesirable hypertrophic chondrocyte
differentiation during cartilage repair or regeneration.
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PTHrP and vitamin Dj in the growth plate

Introduction

Longitudinal bone growth occurs at the growth plate, a highly organized cartilage structure
that contains proliferating chondrocytes. These cells undergo a maturation process involving
hypertrophy followed by apoptosis, thereby facilitating bone formation®” %, Some changes
that occur in cartilage after injury or osteoarthritis (OA) resemble the processes that occur
during the differentiation of growth plate chondrocytes3' * In healthy articular cartilage,
chondrocytes resist proliferation and terminal differentiation. In contrast, cartilage damage
caused by injuries or OA reactivates chondrocyte hypertrophy as part of a repair mechanism,
accompanied by acquisition of an autolytic phenotype and cartilage degradation3'5.
Ultimately, the hypertrophic chondrocytes undergo apoptosis to enable bone deposition®.
The inferior quality of the repaired cartilage suggests that the inhibition of chondrocyte
hypertrophy could be a target of treatment to improve cartilage repair®.

Chondrocyte proliferation and differentiation at the growth plate is regulated through the
interaction of systemic hormones (endocrine level) and locally produced growth factors
(autocrine and/or paracrine level). The endocrine feedback loop between the active
metabolite of vitamin D3 (1,25(0H),Ds) and parathyroid hormone (PTH) plays a central role in
calcium and phosphate homeostasis during skeletal growth?. Vitamin D is hydroxylated in
the liver to 25-hydroxycholecalciferol (25(0H)Ds), which is thereafter hydroxylated in various
target cells into 1,25(0OH),;D3 by the enzyme 1a-hydroxy|ase6. 1,25(0OH),D3 in turn can be
deactivated and catabolized by the enzyme 24-hydroxy|ase7' 8 It has been shown that
1,25(0H),Ds exerts its genomic effects by binding to its nuclear receptor (VDR), and that this
complex then binds to vitamin D3 response elements (VDREs) in the promoter region of
various target genes® > %°.

Both 1,25(0OH),D; and PTH are also active at the growth plate and play an important
autocrine and/or paracrine role during chondrocyte proliferation and/or differentiation** 3,
Growth plate chondrocytes express the VDR and the enzymes la-hydroxylase and 24-
hydroxylase in vitro as well as in vivo>® 1 PTH-related protein (PTHrP) resembles PTH in
genetic sequence and structure and both PTH and PTHrP share the same receptor: PTHR1*
Y7 PTHR1 is expressed in low levels by proliferating chondrocytes and in high levels by
pre/early hypertrophic chondrocytes"’ 1819 PTHrP is produced by proliferative growth plate
chondrocytes and prevents proliferative cells from leaving the proliferating pool. In this way,
hypertrophic chondrocyte differentiation is delayed® **%°.

Understanding the processes behind chondrocyte differentiation is crucial, not only from a
developmental point of view. Regenerative strategies for bone and cartilage make use of
mesenchymal stromal (stem) cells undergoing chondrogenic differentiation. The growth
plate can be used as a model to study these processes, mainly because it has a highly
organized structure, with chondrocytes undergoing differentiation in an orderly fashion®* .
Therefore, the main aim of this study was to investigate whether there is a functional
paracrine feedback loop between 1,25(0OH),Ds; and PTHrP in prehypertrophic growth plate
chondrocytes, in parallel to the well-known endocrine 1,25(0H),Ds-PTH feedback loop.
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We hypothesized that PTHrP increases the sensitivity of growth plate chondrocytes to
1,25(0H),D3 either by increasing 1,25(0OH),Ds production by upregulating 1a-hydroxylase,
and/or decreasing the catabolism of 1,25(0H),Ds; by downregulating 24-hydroxylase, and/or
by upregulating VDR expression (Supplementary File 1). The feedback loop is closed by the
inhibition of PTHrP and/or PTHR1 transcription by the binding of 1,25(0H),D3to a VDRE
located in the promoter region of (one of) these target genes.

Material and Methods

In vitro studies with the ATDC5 cell line

Cell culture and experimental design

The murine chondrogenic ATDC5 cell line was kindly provided by Dr. T. Welting (UMC
Maastricht, the Netherlands). Cell culture was performed as described previouslyzz. Standard
differentiation culture medium was supplemented with 0.2 mM L-ascorbic acid 2-phosphate
(AsAP, Sigma, A8960) to reduce the time in culture until prehypertrophic differentiation®.
Cells grown in a standard differentiation medium were compared with cells grown in a
standard differentiation medium supplemented with 10® M PTHrP (pTH-Related Protein (1-
34) amide, Bachem, H-9095) or 10® M 1,25(0H),D5 (kindly provided by Dr. C.Veldhuizen,
Dishman, the Netherlands). Stripped fetal bovine serum (FBS) was used, which is devoid of
vitamin D3 metabolites and growth factors. ATDC5 cells were plated on 24-well plates
(Greiner Cellstar®) at a density of 6,400 ceIIs/cmZ. Six hours later, cell differentiation was
induced (day 0). The three different culture groups were studied from differentiation day 7
until day 10 (prehypertrophic phase) at the following time points: Tq, Ty, T2, Ta, Tg, Taa, Tog,
Tag, and T7, (the digits indicate the number of hours after PTHrP or 1,25(0OH),D3 was first
added to the cell culture medium). At Ty, To, and Tug, 10® M PTHrP or 1,25(0OH),D3 was
added to the experimental plates. The experiment was repeated at least six times for each
time point and culture condition.

RNA isolation and cDNA synthesis

Total RNA was extracted with the aid of the RNeasy® Mini kit (Qiagen, 74104), according to
the manufacturer’s protocol. An additional DNA digestion step with DNase (RNAse-Free
DNase Set, Qiagen, 79254) was included to ensure DNA removal. Total RNA was quantified
with a Nanodrop® ND-1000 spectrophotometer (Thermo Scientific). cDNA was synthesized
using the iScript™ cDNA Synthesis Kit (Bio-Rad, Veenendaal, the Netherlands, 170-8891),
according to the manufacturer’s instructions.

Quantitative determination of the expression of target genes

Primer nucleotide sequences for all reference genes were obtained from the Eccles Lab
Reference Gene List (http://openwetware.org/wiki/Eccles:QPCR_reference_genes). Most
primer nucleotide sequences for the target genes were obtained from PrimerBank. For the
other target genes, primer sequences were designed using PerlPrimer. Subsequently, M-fold
version 3.2 was used to check for secondary structure formation®*. Primer uniqueness and
specificity was determined using BLAST®. Annealing temperatures were established by
performing a temperature gradient PCR on a 16-fold dilution series. Amplicons were
validated by sequence analysis using an ABI Prism 3130XL genetic analyzer (Applied
Biosystems). All primers were purchased from Eurogentec (Maastricht, the Netherlands). An
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overview of the primer pairs used is given in Supplementary File 2. In order to normalize the
relative expression of the target genes, a set of 10 reference genes was evaluated: Hspca,
Rpl32, Rps19, Ywhaz, B2m, Gapdh, Hbms, Hprt-1, Sdha, and Tbp. The geNorm program was
used to evaluate the stability of the housekeeping genes®®. The three most stably expressed
reference genes in the ATDCS5 cell line, Rpl/32, Rps1, and Sdha, were chosen to normalize
gene expression. However, Sdha was not used as a reference gene in the experiment in
which the VDR was silenced, because Sdha gene expression was not sufficiently stable under
the experimental conditions used. RT-qPCR was performed using the iQ™ SYBR Green
Supermix Kit (Bio-Rad, Veenendaal, the Netherlands) and the MyiQ™ single color Real-Time
PCR Detection System (Bio-Rad, Veenendaal, the Netherlands).

Protein isolation and Western blot

Semi-quantitative protein expression of the VDR and collagen type X was determined using
Western blot. Protein was extracted from the ATDCS5 cells with 50 uL RIPA buffer per well,
and protein concentration was determined with a Lowry assay (Bio-Rad, Veenendaal, the
Netherlands, 500-0116). Thereafter, 30 ug protein was subjected to 12% SDS-PAGE, and
electroblotted onto a Hybond-C nitrocellulose membrane (Amersham Biosciences,
RPN203C). Only one SDS-PAGE gel and membrane was used per target protein. The
membrane was blocked for 60 minutes, followed by overnight incubation at 4°C with the
first antibody (Supplementary File 3). Thereafter, the membrane was washed and incubated
for 60 minutes with a horseradish peroxidase (HRP)-conjugated second antibody. Protein
was detected by enhanced chemiluminescence (Molecular Imager ChemiDoc XRS System,
Bio-Rad, Veenendaal, the Netherlands). Control experiments were included in which the first
antibody was omitted. After completion of Western blotting of the target proteins, the
membranes were stripped using Stripping Buffer (Restore™ Western Blot Stripping Buffer,
Thermo Scientific, 21059), and B-actin protein expression was determined. The mean
volume of the protein bands was determined with Quantity One software using volumetric
band analysis. The mean volume of the target gene was divided by the mean volume of B-
actin (target gene/B-actin ratio), to correct for different protein concentrations applied to
the membranes. Western blot images were prepared using Adobe Photoshop CS5.1. Linear
adjustment of brightness, contrast, and color balance was applied to every pixel in the
image.

PTHrP ELISA

The concentration of PTHrP in the cell lysate and culture media (which was stored at -70°C)
was measured with an ELISA (ELISA kit for mouse PLP, USCN E90819Mu), according to the
manufacturer’s instructions.

MRNA superinduction

mRNA and protein samples were taken from the control cultures and the 108 M
1,25(0OH),Ds-treated cultures on differentiation day 7 at To, Ty, T2, T4, Ts, T12, and Ty4. RNA
isolation, cDNA synthesis, RT-qPCR for Pthrp and a PTHrP ELISA were performed as described
previously.

DNA quantification
DNA was quantified using the Quant-iT™ PicoGreen® dsDNA Assay Kit (Invitrogen, P11496).
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Silencing RNA

Stealth RNAI™ siRNA Duplex (Invitrogen, 10620312) was used to silence the ATDC5 VDR. The
siRNA oligonucleotide sequence used for the mouse VDR (nm_009504) was:
5' CCCUUCAAUGGAGAUUGCCGCAUCA 3’ (ORF, GC percentage estimated at 52%). A Stealth
RNAI™ Control Duplex (Invitrogen) sequence 5° CCCUAACGAGGGUUA CGCCAUUUCA 3’
(scrambled mock, GC percentage estimated at 52%) was used to determine the effect of
Stealth RNAI™ siRNA Duplex versus background. Lipofectamine™ RNAIMAX (Invitrogen,
13778-075) was used as transfection reagent. ATDC5 cells were plated on 24-well plates
(Greiner Cellstar®) at a standard density of 6,400/cm?. Six hours later, ATDC5 cell
differentiation was induced (day 0). On differentiation day 4, RNA in the approximately 100%
confluent ATDCS5 cells was silenced (Lipofectamine™ RNAIMAX concentration of 5.3 pL/mL,
siRNA VDR-oligo (Stealth RNAI™ siRNA Duplex)/scrambled mock (Stealth RNAI™ siRNA
Control Duplex) concentration of 50 nM). After siRNA transfection medium was added to the
experimental plates, the ATDCS cells were incubated for 48 hours at 37°C in 5% CO, before
the siRNA transfection medium was replaced by normal differentiation medium. On day 7 of
differentiation (which was 72 hours after siRNA initiation), 10® M PTHrP or 1,25(0OH),D3 was
added to determine whether the effects of PTHrP and 1,25(0OH),D3 on the ATDCS5 cells could
be prevented by VDR silencing. From differentiation day 7 until day 10 (i.e., 72-144 hours
after siRNA initiation), the different culture groups were studied at the time points T, Tas,
Tas, and Ty, (the digits indicate the number of hours after PTHrP or 1,25(0OH),D3 was first
added to the cell culture medium). 10® M PTHrP or 1,25(0OH),D3 was added at Ty, T4, and
Tas. Nine different cell culture conditions (control, control + scrambled mock, control + VDR-
oligo, PTHrP, PTHrP + scrambled mock, PTHrP + VDR-oligo, 1,25(0OH),Ds, 1,25(0H),Ds +
scrambled mock and 1,25(0H),Ds + VDR-oligo) were studied and compared.

Chromatin immunoprecipitation (ChIP) Assay

The sequence and location of the VDREs in the PTHrP promoter region have only been
determined in the rat?” %, The Mus musculus and Rattus norvegicus PTHrP promoter regions
were BLASTed?” to determine their homology (Supplementary File 4). Primers were designed
and validated for the two VDRE regions of the mouse PTHrP promoter (Supplementary File 4,
Figure 3a). As a negative control, primers were designed at 1000 bp upstream of VDRE2.

To date, there is no VDRE reported for the PTHR1 gene. The PTHR1 gene has two promoter
regions, P1 and P2 (Figure 3c). In bone and cartilage, the P2 promoter controls Pthrl gene
expression, and therefore we searched for possible VDREs in this P2 promoter with the aid
of the core binding motif consensus sequence RGKTSA (R=A or G, K=G or T, S=C or G)29. This
motif was included in two six-nucleotide sequences in the region upstream of U3: AGGTGA
and GGTTGA, which are 2092 and 2027 bp upstream of the transcription start site (TSS),
respectively. The distance between these sequences was 104 bp. The consensus is that a
VDRE has normally three to six nucleotides between the two motif sequences*’. We cannot
exclude that the area between these two sequences loops back to bring the sequences close
together, enabling the VDR to bind. For this reason, primers were designed for each six-
nucleotide sequence (VDRE1 and VDRE2), but also for the region containing these two core
binding motif consensus sequences (VDRE combination). As negative and positive controls,
primers were designed at 1000 bp upstream of the expected VDREs and for one of the
VDREs of the 24-hydroxylase promoter, respectively (Supplementary File 4). VDREs for 24-
hydroxylase have been identified in the rat>}, and therefore the rat promoter region was
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BLASTed against the mouse 24-hydroxylase promoter region. Both VDREs revealed 100%
alignment. Primers were designed for the VDRE 5° CGCACCCGCTGAACC 3'.

The ChIP assay was performed as described previously®?, with minor modifications. Briefly,
ATDCS5 cells were seeded in Falcon Primaria petri dishes (BD Biosciences, 353803) at a
density of 6,400 cells/cm?® and cultured for 7 days (approximately 22*10° cells per dish), as
described earlier in this section. Cells were treated with 10%M 1,25(0H),D3 for 24 hours. For
immunoprecipitation, rat anti-VDR (Affinity Bioreagents, MA1-710) was used, whereas an
equal amount of rat IgG (Chemicon, IgG2b, CBL606) was used as a hormalization control. For
more detailed information on the ChIP assay, see Supplementary File 5.

Statistical analysis

For determination of relative quantitative gene expression, the corrected ACt method was
used®. ACt-values were determined for each time point by subtracting the mean reference
gene Ct-value at the time point of interest from the target gene Ct-value at the same time
point: ACt = Ctiarget - Ctmean ref. Subsequently, all values were related to the Ty time point by
subtracting the ACt-value for Ty from the ACt-value for T,, the time point of interest: ACtyy -
ACtyo. For each individual experiment, target gene expression per time point of interest (n-
fold change) was determined separately. Afterwards, for each target gene, the mean n-fold
changes and standard deviations in gene expression per time point of interest were
calculated. In the silencing study, VDR knockdown percentages in the siRNA VDR-oligo
cultures were determined by subtracting the VDR Ct-value from the mean reference gene
Ct-value for each time point: Ct,f — Ctyg,. Subsequently, this value was subtracted from the
value for the siRNA scrambled mock cultures or the value for the control cultures, to obtain
ACt-values. VDR knockdown percentages were calculated using the formula: 100*1-
(1/EvdrACt)-

Statistical analysis was performed using R Studio (version 0.96, http://www.rstudio.com) and
R (version 2.15.2)34. To determine whether the enrichment in the ChIP experiments was
statistically significant, the data were examined for normal distribution, and a one-way
ANOVA with Benjamini-Hochberg correction was used. For the rest of the data (target gene
and PTHrP protein production), a mixed model for dependent data was used. This mixed
model was optimized per target gene/protein and comparison. After it was determined
whether the data were normally distributed, the random part of the model was determined
(e.g. with random slopes and/or random intercepts). Thereafter, the fixed part of the model
was optimized. Interaction of time and treatment (culture condition) appeared necessary in
all cases. In the above mentioned tests, a p-value < 0.05 was considered significant.

In vivo studies

Animals

The animal studies were approved by the institutional animal care committee (DEC
2008.111.03.024), as required by Dutch law. The colony of the transgenic Col2-pd2EGFP
reporter mice was maintained at the SPF facilities with approval from the Dutch ministry of
Infrastructure and Environment (DEM/SAS IG 99-057/03). The Col2-pd2EGFP transgenic
mouse is appropriate for visualizing Col2al expression, for monitoring chondrocyte
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differentiation, and for isolating murine growth plate chondrocytes by fluorescence
activated cell sorting (FACS)*>.

Diets

Vitamin Ds sufficient (control, TD 07370, 0.47% Ca, 0.3% P, 2,200 IU/kg vitamin D3) and
deficient (TD 89123, 0.47% Ca, 0.3% P, 0 IU/kg vitamin D3) diets were purchased from Teklad
Harlan SD (Indianapolis, Indiana). The vitamin D3 content of these diets was re-analyzed by
an independent laboratory (TNO Nutrition and Food Research, Zeist, the Netherlands); the
vitamin Ds-sufficient diet contained 1,900 IU/kg and the vitamin Ds-deficient diet less than
20 1U/kg.

Experimental design

The mice were kept under standard conditions in the experimental animal facility of the
University of Utrecht. Control offspring were obtained from dams maintained on the vitamin
Ds-sufficient diet. Vitamin Ds-deficient pups were obtained by feeding the dams a vitamin
Ds-deficient diet, from 2 weeks prior to mating until weaning. The weaned offspring were
given the vitamin Ds-deficient diet until euthanasia at 6 weeks of age. In order to ensure
vitamin D3 deficiency, the pregnant females and their offspring were housed in filter-top
cages, in which all fluorescent light was shielded, thereby preventing the endogenous
production of vitamin Ds3. Only those pups that had a weight within 2 S.D. of the mean at 3
weeks of age were included. The pups were weaned at approximately 3 weeks of age,
depending on whether they could feed independently. Weaned pups were housed in groups
according to diet and gender (in order to prevent mating): vitamin D3 sufficient (VitD+),
vitamin D3 deficient (VitD-), and vitamin D3 deficient supplemented with 1,25(0OH),Ds (VitD-
;+#1,25D). The animals were weighed every week at fixed times. At 3 weeks of age, the
vitamin Ds-deficient pups were given either 50 ng 1,25(0OH),Ds (VitD-;+1,25D, intraperitoneal
(IP), 1 ng/uL in sterilized peanut oil; mean dose 5 ng/g body weight, BW) or placebo (VitD-,
sterilized peanut oil). Thereafter, the dose of vitamin D3 metabolite was adjusted weekly,
based on the mean body weight of the respective group. The vitamin Ds-sufficient mice
(VitD+) received placebo (sterilized peanut oil) IP. The IP administration was performed five
times a week, lege artis, by the animal caretakers. At 6 weeks of age, blood (as much as
possible) was obtained by cardiac puncture under general anesthesia, followed by cervical
dislocation.

Serum biochemistry

Blood samples for the measurement of calcium (Ca), inorganic phosphate (P), and vitamin Ds
metabolites were collected in heparin-coated mini-collection-tubes (Greiner bio-one, REF
450479). For the measurement of PTH, blood was collected in EDTA-coated mini-collection
tubes (Greiner bio-one, REF 450475). Samples were immediately placed on ice until
centrifugation and plasma was stored at -20°C until further analysis. Ca and P levels were
measured according to standard procedures. Plasma 25(OH)Ds levels were measured to
verify vitamin D3 deficiency in the respective groups. 25(0OH)D; was extracted from 25 puL
plasma with the Bligh and Dyer method®® and quantified with the aid of a competitive
binding assay. Thereafter, plasma samples for pairs of mice were pooled within the ascribed
group (due to sample volume limitations) and vitamin D3 metabolites were extracted from
the pooled plasma using acetonitrile followed by a two-step phase extraction (C18 and
Silicagel cartridge) and separated by straight phase HPLC. 25(0OH)D; was quantitatively
determined using a competitive protein binding assay with a sensitivity of 2 nmol/L and
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1,25(0H),D; was quantitatively determined with a radioreceptor assay®’, with a sensitivity of
40 pmol/L. Levels were corrected for procedural losses (recovery) with the aid of the specific
3H-labeled vitamin D3 metabolite. PTH was determined according to the manufacturer’s
instructions (intact PTH mouse EIA, Alpco diagnostics Salem NH).

Growth plate histology

After euthanasia, the right tibia was removed and fixed in 4% formaldehyde (pH = 7.4, 4°C)
for 24 hours and decalcified in 0.5 M EDTA in Ca-Mg free Hanks solution (pH = 7.8, 4°C) for 7
days. After demineralization, the bones were washed and bisected in the sagittal plane. One
half was embedded in Tissue Tek (O.C.T. compound, Sakura Fine Technical Co. Ltd. Tokyo,
Japan) and stored at -70°C until further processing. The other half of the tibia was embedded
in paraffin and stored at 4 C until further processing.

Quantitative determination of the expression of target genes

From each mouse, growth plate chondrocytes were isolated as described previously®”.
Briefly, after euthanasia, the long bones and rib cartilage (except for the right tibia) were
removed and submerged in cold (4°C) Hanks + 2% pen/strep. The growth plate and adjacent
tissue from each animal was dissected with the aid of a stereoscope and scalpel blade,
pooled, and digested overnight at 37 C 5% CO, with collagenase Il (Worthington, 4176). After
digestion, cells were suspended in DMEM/F12 + glutamine (Gibco, without phenol red) with
10% FCS (PAA) and 2% pen/strep. The cell solution was individually run through a FACS (BD
Influx cell sorter, BD Biosciences, USA) with a nozzle of 100 um. After collection, the cells
were lysed in 350 pL RLT buffer (Qiagen, Valencia, CA) containing 1% B-mercaptoethanol and
stored at -70°C until further processing. RNA isolation, cDNA production, and RT-qPCR were
performed as described for the in vitro studies. The relative level of gene expression of
Pthrp, Pthr1, Vdr, and ColX was determined (Supplementary File 2).

Immunofluorescent staining

Immunofluorescent staining of bone for collagen type X was performed as described
previously®®> on 10-um cryosections, in order to define the pattern of GFP expression in
relation to the phase of differentiation of growth plate chondrocytes. Briefly, after sections
were rinsed with PBS, antigen retrieval with 4 mg/mL bovine hyaluronidase (450 IU/mg,
Sigma-Aldrich St. Louis, MO, USA) was performed. After blockade of aspecific binding sites
with 10% goat serum, sections were incubated with rabbit polyclonal anti-mouse collagen
type X (PXNC2, 1:100) overnight at 4°C*®. Goat anti-rabbit ALEXA 568 (1:100, Invitrogen) was
used as second antibody. Nuclear counterstaining was performed with TO-PRO®-3, and the
slides were mounted in Prolong Gold anti-fade reagent (Invitrogen). Confocal microscopy
was performed using a Leica TCS SP confocal laser scanning microscope. Immunofluorescent
staining images were prepared using Adobe Photoshop CS5.1. Linear adjustment of
brightness, contrast, and color balance was applied to every pixel in the image.

Immunohistochemistry

Paraffin sections of 4 um were cut and mounted on Microscope KP plus slides (Klinipath B.V.,
Duiven, the Netherlands). Each slide contained three sections: one section of each group in
an ad random order. Slides were deparaffinized through xylene (2 times 5 minutes) and
graded ethanol (96%, 80%, 70%, 60%, 30%; 5 minutes each), followed by two rinses with
PBS. Mid-sagittal sections of the three samples representing each group were included in the
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same Pap-pen circle and were thus incubated under identical conditions. Thereafter, antigen
retrieval was performed (Supplementary File 3). After inhibition of endogenous peroxidase
for 5 minutes, sections were preincubated with blocking buffer for 30 minutes at room
temperature (RT). The sections were incubated overnight with first antibody at 4'C. For
further processing, depending on the first antibody, either the EnVision™ —HRP detection
system (Dako), the goat ImmunnoCruz™ system (sc-2053, Santa Cruz biotechnology Inc.), or
specific second antibody was applied for 30 minutes at RT, followed by incubation with
streptavidin-conjugated with HRP for 30 minutes at RT. All antibodies were visualized with
the liquid DAB+ substrate chromogen system (K3468, Dako). In control experiments, the first
antibody was omitted and, depending on the antibody, either substitution of the first
antibody with its respective serum, and/or competition of the first antibody with
corresponding peptides available for PTHR1 (sc-12777 P) was performed. Raw images were
made using a Colorview IIIU digital camera (Olympus, Zoeterwoude, the Netherlands)
mounted to a BX-40 microscope (Olympus). Histomorphometry was performed on the raw
images with Image J software package (Rasband NIH, Bethesda, ML). The mean width of the
growth plate (GPI.Th.) was calculated from the width of the growth plate at 20 set locations.
The mean width of the proliferative (GPl.Th.p;) and hypertrophic zone (GPl.Th.,,) was
determined in a similar way. The proliferative zone comprised the region containing
columnar chondrocytes of constant size, whereas the hypertrophic zone was defined by
collagen type X staining.

A custom-made color range selection optimized for each immunohistochemical stain was
used to determine the area within the growth plate that stained positive. For each growth
plate section, the proportion of the surface area of the growth plate that stained positively
for the respective protein was calculated, as were the mean gray value and integrated
density. Quantitative image analysis of the nuclear VDR area that stained positive was
performed using the Image J plugin ImmunoRatio, which calculates the percentage of
positively stained nuclear area (labeling index) by using a color deconvolution algorithm for
separating the staining components (diaminobenzidine and hematoxylin) and adaptive
thresholding for nuclear area segmentation.

In vitro studies with primary growth plate chondrocytes

Cell culture and experimental design

The isolation of primary growth plate chondrocytes from the limbs of three 9-day-old Col2-
pd2EGFP mice was performed as described previously®. Approximately 26% of the selected
population was positive for GFP. On differentiation day 0 (Ty), droplets of 10 pL (containing
approximately 20,000 cells) were placed on a Falcon Primaria petri dish (BD Biosciences,
353803), not touching each other to create multiple high-density micro-cultures. After 2
hours, 10 mL differentiation medium was added as describe previously, and after 2 days (T,),
10® M 1,25(0OH),D; (Dishman Netherlands BV) was daily added to the 1,25(0H),Ds-treated
cultures. In a similar manner, high-density microcultures on chamber slides (Lab-Tek®) were
studied from differentiation day 0 until day 7. At the time points Ty, T3, Ts,and Ty (the digits
indicate the number of days after differentiation culture medium was first added to the
wells), medium for PTHrP ELISA and cells for RNA isolation were obtained, and formalin-fixed
slices were stained for collagen type X (as described previously). Confocal microscopy was
performed using a Leica SPEIl confocal laser-scanning microscope (Leica Microsystems,
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Germany). The concentration of PTHrP in culture media was measured with an ELISA (ELISA
kit for mouse PLP, USCN E90819Mu), according to the manufacturer’s instructions.

Chromatin immunoprecipitation (ChIP) Assay

The ChIP analysis of the cultured primary growth plate chondrocytes (Falcon Primaria petri
dish) was performed as described for the in vitro studies.

Quantitative determination of the expression of target genes

RNA isolation, cDNA production, and RT-gPCR were performed as described for the in vitro
studies. Ultimately, the relative gene expression of Pthrp, Pthrl, Vdr, and ColX was
determined (Supplementary File 2).

Statistical analysis

After it was determined that the data had a normal distribution, a one-way ANOVA with
Benjamini-Hochberg correction was used to analyze the significance of differences in the
mean (+ S.D.) width of the growth plate (including the proliferative and hypertrophic zone),
plasma parameters, target gene expression, and ChIP assay results between the different
groups. For body weight and PTHrP protein levels, a mixed model for dependent data was
used as described at the in vitro studies. In the above-mentioned tests, a p-value <0.05 was
considered significant.

Results

In vitro studies with the ATDC5 cell line

The effect of PTHrP on the vitamin D3 pathway

Protein and mRNA expression of la- and 24-hydroxylase was stable during culture and
appeared not affected by treatment with 10® M PTHrP (data not shown). At all time points,
Vdr gene expression was significantly higher in the PTHrP-treated cultures than in the
control cultures (p<0.01, Figure 1a). After the first addition of PTHrP at To, Vdr gene
expression increased significantly to reach a maximum at T4 and declined thereafter. At Tyg, 4
hours after the second addition of PTHrP, Vdr gene expression was significantly higher than
that at Ty4 (p<0.01), but significantly lower than that at T, (p<0.001). Vdr gene expression did
not change substantially after T,s. VDR protein levels were also significantly higher at time
points T4 and T4g in the PTHrP-treated cultures than in the control cultures (p<0.01, Figure
1b). Altogether, these data indicate that PTHrP treatment increased ATDC5 chondrocyte
sensitivity for 1,25(0H),Ds by upregulating VDR expression and not by influencing 1a- and/or
24-hydroxylase expression.

The effect of vitamin D3 on the PTHrP pathway

Treatment of ATDC5 chondrocytes with 10® M 1,25(0H),D; increased the activity of the
vitamin D; pathway®®, as evidenced by a more than 1000 times increased expression of the
24-OHase gene compared with control cultures (data not shown). 10% M 1,25(0OH),D3
treatment also significantly increased VDR expression in ATDC5 chondrocytes in the
prehypertrophic phase of differentiation (p<0.05, Figure 1a, b)****.
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Figure 1. VDR and PTHrP expression in 1,25(0H),Ds- and PTHrP-treated ATDC5 chondrocytes in the
prehypertrophic phase of differentiation. ATDCS cells were treated starting from day 7 of differentiation (T,)
with 10® M PTHrP or 1,25(0OH),D; at Ty, Tos, and Tus. (a) Relative Vdr gene expression (mean + SD); T, in the
control culture was set at 1. n=8. (b) VDR protein expression expressed as VDR/B-actin ratio; Tyin the control
culture was set at 1. ¢ = control culture, p = 10® M PTHrP-treated culture, d = 10° M 1,25(0OH),D;-treated
culture. The error bars indicate experimental replicates. n=6. (c) Relative Pthrp gene expression (mean + SD). T,
in the control culture was set at 1. n=8. (d) PTHrP protein levels (mean + SD) corrected for DNA content (pg
PTHrP/ng DNA) in ATDC5 culture media of control cultures and 108 ™ 1,25(0OH),Ds-treated cultures,
determined using a PTHrP ELISA. n=4. *: p<0.05, **: p<0.01, ***: p<0.001.
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Pthrp gene expression was significantly higher in the 10® M 1,25(0H),Ds-treated cultures
than in the control cultures at all time points (p<0.001, Figure 1c). In contrast, the PTHrP
protein content of the medium from 1,25(0OH),Ds-treated cultures was significantly lower
than that of medium from the control cultures at T4 and T;; (p<0.001, Figure 1d). This
seemingly contradictory result could be attributed to a phenomenon called ‘mRNA
superinduction’. It has been reported that the inhibition of PTHrP protein synthesis leads to
the induction of Pthrp mRNA expression (‘mRNA superinduction’) in a number of cell lines®.
We explored this possibility in the ATDC5 cell line by measuring PTHrP mRNA and protein
levels (in culture medium and cell lysate, corrected for DNA content) in the first 24 hours
after treatment with 1,25(0OH),D3. PTHrP protein production decreased by 10% ™M
1,25(0H),D3 treatment from T4/Tg onward (p<0.01, Figure 2b, c) and remained lower in the
10® M 1,25(0OH),Ds-treated cultures than in the control cultures until T, (Figure 1d). In
contrast, Pthro mRNA expression significantly increased from T,4; onward by 108 ™
1,25(0H),D3 treatment (Figure 2a, 1c). Given the time line of these events, where the
increase in Pthrp mRNA expression (Ty4) is preceded by an initial significant decrease in
PTHrP protein production (T4/Ts), it seems reasonable to assume that the increased Pthrp
mMRNA levels were due to the ‘mRNA superinduction’ phenomenon. To determine whether
this observed effect was physiological or pharmacological, we conducted an additional
experiment investigating the time line of PTHrP mRNA and protein expression in the
presence of 10% 10"°, and 10™ M 1,25(0H),Ds. PTHrP protein levels were dose-
dependently influenced by 1,25(0OH),Ds treatment (Figure 2b, c). Moreover, the increased
Pthrp mRNA expression observed in the 10®M 1,25(0H),Ds-treated ATDCs chondrocytes (at
T,4), was not observed in the 10 and 10 M 1,25(0OH),Ds-treated cells. This indicates that
the ‘Pthrp mRNA superinduction’ phenomenon, only observed in the 10® M 1,25(0H),Ds-
treated ATDC5 chondrocytes, is pharmacological and can be avoided with lower
physiological 1,25(0H),Ds regimes.

Functional binding of 1,25(0OH),Ds to the promoter region of the PTHrP gene

Computational analysis of the PTHrP promoter revealed the presence of two VDR binding
elements (Figure 3a). ChIP experiments showed a significant 2-fold enrichment of VDRE1
(p<0.01) and a 1.6-fold enrichment of VDRE2 (n.s.) in the PTHrP promoter (Figure 3b). No
enrichment was observed in the PTHrP negative control (sequence 1000 bp upstream of
VDRE2) and a significant 2.5-fold enrichment was observed in the positive control (24-
hydroxylase promoter, p<0.05, Figure 3b). Altogether, this indicates that in ATDC5
chondrocytes in the prehypertrophic phase of differentiation, 1,25(0OH),Ds binds to its
nuclear receptor, the VDR, and together they bind to a 1,25(OH),Ds-responsive region
(VDRE1) in the PTHrP promoter. In this way, 1,25(0OH),Ds directly regulates Pthrp expression
via genomic effects.

Computational analysis of the PTHR1 promoter revealed the presence of two VDREs (Figure
3c). ChIP experiments showed a 1.4-fold enrichment of both VDRE1 and VDRE2, and a 2.1-
fold enrichment of the VDRE combination (region containing both the expected VDRE1 and
VDRE2) in the PTHR1 promoter (Figure 3d). However, these results were not significant and
the PTHR1 negative control (sequence 1000 bp upstream of the expected VDREs) also
revealed a 1.5-fold enrichment of the VDR antibody. Altogether, this indicates that there is
no functional binding of 1,25(0OH),D3 and the VDR to a VDRE in the PTHR1 promoter of
ATDC5 chondrocytes in the prehypertrophic phase of differentiation.
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Figure 2. Pthrp mRNA superinduction phenomenon. 10%, 10", and 10" M 1,25(0H),D;-treated ATDCS5 cell
cultures were compared with control cultures. At T, (on day 7 of differentiation, i.e. the prehypertrophic phase
of the ATDC5 chondrocytes), 1,25(0H),D; was added to the culture medium and the respective PTHrP gene (a)
and protein content (mean + SD) of cell lysates (b) and culture media (c), respectively, were determined at Ty.,4
after 1,25(0OH),D; treatment. Relative Pthrp gene expression at T, in the control culture was set at 1. The
pharmacological ‘Pthrp mRNA superinduction’ phenomenon is only observed in the 10 M 1,25(0OH),Ds-treated
ATDC5 chondrocytes, and can be avoided with lower physiological regimes. n=6 (control and 10 ™
1,25(0H),D; cultures) and n=4 (10™°and 10" M 1,25(0H),D; cultures). *: p<0.05, **: p<0.01, ***: p<0.001.
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Figure 3. Identification of a functional vitamin D; response element (VDRE) in the PTHrP and PTHR1 promoter
region. (a) Schematic presentation of the mouse PTHrP promoter region with location of the vitamin D;
response elements (VDREs). Primers were designed for VDRE1 and VDRE2. The location of VDRE1 and VDRE2
upstream from TSS is 913 and 571 bp, respectively. bp: base pairs, TSS: transcription start site. (b) VDR ChIP
assay performed on ATDCS5 cells in the prehypertrophic phase of differentiation. Cells were fixed after 24 hours
of treatment with 10° M 1,25(0H),Ds;. 1gG was used as normalization control and a sequence 1000 bp
upstream of VDRE2 was used as a negative control. Enrichment is given as mean + SD. The results are
representative for four separate experiments and indicate functional binding of 1,25(0H),Dsand its receptor,
the VDR, to the PTHrP promoter region. (c) Overview of expected VDREs in the PTHR1 promoter region. The
PTHR1 gene has two promoter regions, P1 and P2. In bone and cartilage, the P2 promoter controls PTHR1
expression, whereas expression of P1 is restricted mainly to the kidney. The location of the expected VDRE1
(AGGTGA) and VDRE2 (GGTTGA) is 2092 and 2027 bp upstream from TSS, respectively. The arrows indicate the
position of the primers used in this study. bp: base pairs, TSS: transcription start site. (d) VDR ChIP assay
performed on ATDC5S cells in the prehypertrophic phase of differentiation. The VDRE combination contains
both the expected VDRE1 and VDRE2 sequence. The same conditions apply as described with A. n=8. *: p<0.05,
**: p<0.01.
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Determination of the role of the VDR in the paracrine feedback loop between PTHrP and
1,25(0H),D;

To clarify the role of the VDR in the paracrine feedback loop between PTHrP and
1,25(0H),Ds, we successfully silenced the VDR in 100% confluent ATDC5 chondrocytes in the
prehypertrophic phase of differentiation; significant VDR knockdown was seen at all time
points in the control + VDR-oligo cultures and the 1,25(0OH),Ds + VDR-oligo cultures (p<0.05,
Figure 4a,c).

Up- and downregulated PTHrP protein production in the scrambled mock cultures compared
with the control cultures was observed at several time points (both with and without
1,25(0H),D3 supplementation, Figure 4d), which can be explained by off-target effects of the
scrambled mock siRNA sequence®®. The culture medium PTHrP protein content increased
over time in the control cultures, whereas it decreased over time in the 1,25(0OH),Ds-treated
cultures, the difference being significant at T,4-T7, (p<0.05, Figure 4d). At T4g and Ty, PTHrP
protein levels in the 1,25(0H),Ds+ VDR-oligo cultures were significantly higher than in the
1,25(0H);,Ds cultures (p<0.05), indicating that VDR silencing counteracted the 1,25(0OH),Ds-
mediated inhibitory effect on PTHrP protein production in ATDC5 chondrocytes in the
prehypertrophic phase of differentiation.

The role of the paracrine PTHrP-1,25(0H),Ds feedback loop in hypertrophic chondrocyte
differentiation

1,25(0H),D3 treatment of the prehypertrophic ATDC5 cultures decreased the DNA content
by about 40% whereas the addition of PTHrP increased the DNA content by about 30%
compared with the control cultures (data not shown). Gene expression of the
(pre)hypertrophic differentiation markers Col9, ColX, and Pthrl increased significantly over
time in the control cultures (p<0.05), but not in the PTHrP- and 1,25(0OH),Ds-treated cultures
(Figure 5a). Generally, Pthrl, Col9 and ColX gene expression was higher in the control
cultures than in the PTHrP- or 1,25(0OH),Ds-treated cultures at all time points. However,
western blot analysis indicated that only on differentiation day 14 (Ties), collagen type X
protein expression was significantly lower in the PTHrP- and 1,25(0OH),Ds-treated cultures
than in the control cultures (p<0.001, Figure 5b), but not on differentiation day 10 (T7,). This
indicates that both 1,25(0OH),Dzand PTHrP treatment inhibited hypertrophic differentiation
of the ATDC5 chondrocytes, which was noticed earlier at the mRNA than at the protein level.
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Figure 4. The role of VDR in the paracrine feedback loop between PTHrP and 1,25(OH),D;. Relative Vdr (a)
and PTHrP (b) gene expression (mean + SD) in ATDCS cells in the prehypertrophic phase of differentiation. In
the VDR-oligo groups, silencing of the VDR was performed on differentiation day 4. At T, (day 7 of
differentiation), T,s, and Ty, 108 ™M 1,25(0OH),D; was added to the three 1,25(0OH),Ds-treated culture groups.
Relative target gene expression at T, in the control culture was set at 1. n=6. (c) Western blot analysis
confirming the successful siRNA transfection in 10 M 1,25(0OH),Ds-treated prehypertrophic ATDCS cells with
approximately 50% downregulation of VDR production. Time is shown in hours after 1,25(0OH),D; was first
added and the VDR/B-actin ratio in the 1,25(0OH),D; culture at T,, was set at 1. d = 10% ™M 1,25(0OH),Ds-
supplemented culture, ds= 1,25(0OH),D3+ scrambled mock culture, do = 1,25(0H),D;+ VDR-oligo culture. The
error bars indicate experimental replicates. n=3. D. PTHrP protein levels (mean + SD) corrected for DNA content
in ATDCS5 culture media, determined using a PTHrP ELISA. n=3. *: p<0.05, **: p<0.01, ***: p<0.001.
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Figure 5. The role of the paracrine PTHrP-1,25(0H),D; feedback loop in hypertrophic chondrocyte
differentiation. (a) Relative (mean + SD) Col9, ColX, and Pthrl gene expression in PTHrP- or 1,25(0OH),Ds-
treated ATDCS cell cultures compared with control cultures. 10® M PTHrP or 1,25(0H),D; was added daily from
To, which was day 7 of differentiation, i.e. the prehypertrophic phase of the ATDC5 chondrocytes. Relative
target gene expression at Ty in the control culture was set at 1. n=8. (b) Collagen type X protein expression
expressed as Collagen type X/B-actin ratio. Time is shown in hours after PTHrP/1,25(0OH),D; was first added to
the culture medium on differentiation day 7. Ts,in the control culture was set at 1. c = control culture, p = 10
M PTHrP-treated culture, d = 10% ™M 1,25(0OH),Ds-treated culture. The error bars indicate experimental
replicates. n=3. *: p<0.05, **: p<0.01, ***: p<0.001.
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To clarify the role of the paracrine feedback loop between PTHrP and 1,25(0OH),Dszin growth
plate chondrocyte differentiation, we silenced the VDR in ATDC5 chondrocytes in the
prehypertrophic phase of differentiation. In the control + scrambled mock and the control +
VDR-oligo cultures, ColX gene expression did not increase over time, in contrast to what was
observed in the control cultures (Figure 6a). For the PTHrP- and 1,25(OH),Ds-treated ATDC5
cultures, no significant differences in collagen type X expression between the non-silenced
(PTHrP/1,25(0OH),D3) and the VDR silenced (PTHrP/1,25(0OH),Ds + VDR-oligo) cultures were
observed (Figure 6a,b), indicating that VDR silencing did not counteract the
PTHrP/1,25(0OH),Ds-mediated inhibitory effect on collagen type X expression in ATDC5
chondrocytes in the prehypertrophic phase of differentiation. In contrast, Pthrl expression
was significantly upregulated in the 1,25(0H),D3+ VDR-oligo cultures at T4g and T4, (p<0.01,
Figure 6), indicating that VDR silencing counteracted the 1,25(0OH),Ds;-mediated inhibitory
effect on Pthrl expression in ATDC5 chondrocytes in the prehypertrophic phase of
differentiation.

Generally, ColX and Vdr gene expression was significantly higher in the scrambled mock
cultures than in the non-silenced control cultures, whereas the scrambled mock treatment
did not affect Pthr1 and Pthrp expression (Figure 4a,b and 6a). The difference in ColX and Vdr
gene expression was, however, not accompanied with differences in VDR and collagen type
X protein expression between the scrambled mock and the non-silenced control cultures
(Figure 4c and 6b), indicating that the scrambled mock-induced upregulated mRNA
expression was not translated into increased protein expression. Most probably, the
upregulated ColX and Vdr mRNA expression can be attributed to off-target effects of the
scrambled mock sequence™.

In vivo studies

Animals and biochemistry

From 4 weeks of age onward, the control vitamin Ds-sufficient (VitD+) mice weighed
significantly more than the VitD- mice (p<0.001, Supplementary file 6a). Plasma 25(0OH)D;
levels confirmed vitamin Dz deficiency in VitD- mice (p<0.001, Supplementary file 6a). As
expected, the plasma concentration of 1,25(0OH),D3was significantly higher in VitD-;+1,25D
mice than in VitD+ and VitD- mice (p<0.01). Plasma calcium (Ca) levels were significantly
lower in VitD- mice than in VitD+ mice (p<0.01), but were significantly higher in VitD-;+1,25D
mice than in VitD- and VitD+ mice (p<0.01). Inorganic phosphate (P) plasma levels were not
significantly different between groups, but PTH levels were significantly higher in VitD- mice
than in VitD+ and VitD-;+1,25D mice (p<0.001).
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Figure 6. The role of the VDR in the paracrine PTHrP-1,25(0OH),D; feedback loop during hypertrophic
chondrocyte differentiation. (a) Relative (mean + SD) ColX and Pthrl gene expression corrected for reference
genes in ATDCS cells in the prehypertrophic differentiation phase. In the VDR-oligo groups, silencing of the VDR
was performed on differentiation day 4. 10 M PTHrP or 1,25(0OH),D3 was added daily, starting at To which was
day 7 of differentiation. Relative target gene expression at T, in the control culture was set at 1. n=6. (b)
Collagen type X protein expression in 10® M PTHrP- and 1,25(0OH),D;-treated ATDC5 cells silenced for the VDR.
Time is shown in hours after PTHrP/1,25(0OH),D; was first added to the culture medium on differentiation day
7. The collagen type X/B-actin ratio in the PTHrP/1,25(0OH),D; culture at T,, was set at 1. p = PTHrP culture, pm
= PTHrP + scrambled mock culture, po = PTHrP + VDR-oligo culture, d = 1,25(0OH),D5 culture, dm = 1,25(0H),D;
+ scrambled mock culture, do = 1,25(0OH),D; + VDR-oligo culture. The error bars indicate experimental
replicates. n=3. *: p<0.05, **: p<0.01, ***: p<0.001.

268



PTHrP and vitamin Dj in the growth plate

Growth plate histomorphometry

The mean growth plate height (GPI.Th) was significantly higher in VitD- mice than in VitD+
and VitD-;+1,25D mice (p<0.001, Figure 7a). The mean GPl.Th.p, did not differ between
groups, whereas the GPL.Th.p,/GPI.Th ratio was significantly lower in VitD- mice than in the
other groups (p<0.05). The mean GPl.Th.y, and the ratio of GPI.Th.4,,/GPL.Th were
significantly higher in VitD- mice than in VitD+ or VitD-;+1,25D mice (p<0.05). The standard
deviation of GPL.Th.,,, a measure of the irregularity of the hypertrophic zone, was also
significantly higher in VitD- mice than in VitD+ and VitD-;+1,25D mice (p<0.01, Figure 7a).
The Col2-pd2EGFP vitamin Ds-deficient mice thus showed the classical signs of low body
weight, hypocalcemia, hyperparathyroidism, and rickets with an enlarged growth plate. The
latter was mainly due to an increased and irregular hypertrophic zone®. Their vitamin Ds-
deficient phenotype was successfully reversed by 1,25(0OH),Ds supplementation.

Gene and protein expression of primary growth plate chondrocytes

Col2-pd2EGFP-positive growth plate chondrocytes were sorted and processed for RNA
isolation on an individual basis. The number of positive Col2-pd2EGFP chondrocytes was
5.1*10°+ 3.1*10°, 1.4*10°+ 8.1*10°, and 3.3*10° + 2.1*10° for the VitD+, VitD-, and VitD-
;+1,25D mice, respectively. Hypertrophic differentiation marker (ColX and Pthrl) gene
expression was significantly higher in VitD- mice than in mice from the two other groups
(p<0.01, Figure 7b). Furthermore, Vdr gene expression was significantly higher in VitD- mice
than in VitD+ mice (p<0.05) and Pthrp gene expression was significantly higher in VitD-
;+1,25D mice than in VitD+ mice (p<0.05, Figure 7b).

Confocal imaging of tibial growth plates from Col2-pd2EGFP transgenic mice indicated that
VitD+ and VitD-;+1,25D mice had less Col2-pd2EGFP than VitD- mice (Figure 7a). Nuclear VDR
protein expression was highest in VitD- mice and lowest in VitD+ mice (n.s., Supplementary
file 6b). Within the proliferative and hypertrophic zones, the percentage area staining for
PTHrP (over the total surface of the growth plate, and thus corrected for the larger surface
of the growth plate in VitD- mice), the integrated density, and mean gray value did not differ
between groups (Supplementary file 6b). However, in accordance with gene expression
levels, immunohistochemical staining showed that PTHR1 was produced in all zones of the
growth plate and in greater amounts in VitD- mice than in mice from the other two groups
(n.s., Supplementary file 6b).

In vitro studies with primary growth plate chondrocytes

As other signaling pathways may interfere with the interpretation of the in vivo results, an in
vitro study was performed with primary Col2-pd2EGFP growth plate chondrocytes. Vitamin
Ds-deficient primary growth plate chondrocytes (controls) were compared with 10% M
1,25(0OH),Ds-treated primary growth plate chondrocytes over 7 days. ColX gene expression
decreased with time and was lower in 1,25(0OH),Ds-treated primary growth plate
chondrocytes than in control primary growth plate chondrocytes at all times points (Figure
7C). In line with our hypothesis, Pthrp gene expression was lower and Vdr gene expression
was higher in 1,25(0OH),Ds-treated primary growth plate chondrocytes compared with
control primary growth plate chondrocytes at all time points (Figure 7c).
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Figure 7. Results of the in vivo study and the primary cell culture of Col2-pd2EGFP transgenic mice growth
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tibial growth plates from Col2-Col2-pd2EGFP transgenic mice (6 weeks of age) indicating that vitamin D;
deficient mice (VitD-) developed rickets. Supplementation with 1,25(0OH),Ds (VitD-;+1,25D) reversed the rachitic
phenotype as compared with controls (VitD+). Note that Col2-pd2EGFP fluorescence (green) is native. n=7. (b)
Relative (mean + SD) ColX, Vdr, Pthrp, and Pthrl gene expression corrected for reference genes in sorted Col2-
pd2EGFP positive growth plate chondrocytes after termination of the study, at 6 weeks of age. Relative target
gene expression in the growth plate of control (VitD+) mice was set at 1. n=6. (c) Relative ColX, Vdr, Pthrp, and
Pthrl gene expression corrected for reference genes in control or 1,25(0H),Ds-treated cultured primary Col2-
pd2EGFP growth plate chondrocytes. Time is shown in days after the start of differentiation (To T3, Ts and T5).
From T, onward, 108 M 1,25(0OH),D3 was daily added to the culture medium. Relative target gene expression at
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To in the control culture was set at 1. These data were not subjected to statistical analysis due to the small
sample size. n=1. (d) From left to right: Inmunofluorescent staining for collagen type X and native expression of
Col2-pd2EGFP in control and 10% ™M 1,25(0OH),Ds-treated cultured primary Col2-pd2EGFP growth plate
chondrocytes. Transcription of collagen type 2 (green) and hypertrophic differentiation of chondrocytes (red)
were detected in control cultures, whereas the 10° M 1,25(0OH),Ds-treated cells expressed no Col2-pd2EGFP
and only occasionally collagen type X immunofluorescence in their pericellular matrix. A ChIP assay revealed
enrichment of PTHrP VDRE1, but not the VDRE2. A PTHrP ELISA performed on culture media revealed
decreased PTHrP production in the 10% ™ 1,25(0OH),Ds-treated primary growth plate chondrocytes compared
with control cultures. n=4. *: p<0.05, **: p<0.01, ***: p<0.001.

Confocal imaging of native Col2-pd2EGFP fluorescence and staining for collagen type X
revealed transcription of collagen type Il and hypertrophic differentiation of the control
cultures at T7, whereas 1,25(0OH),Ds-treated primary growth plate chondrocytes showed no
Col2-pd2EGFP fluorescence and collagen type X staining in their pericellular matrix (Figure
7d), which was in line with our hypothesis and confirms the reported gene expression
profiles.

ChIP assays showed no enrichment of VDRE1, VDRE2, or the negative control in the PTHR1
promoter (data not shown), indicating that there is no functional binding of 1,25(0H),Ds and
the VDR to a VDRE in the PTHR1 promoter of primary Col2-pd2EGFP growth plate
chondrocytes. However, in parallel with what was found in the chondrogenic ATDC5 cell line,
ChlIP assays on sorted Col2-pd2EGFP growth plate chondrocytes showed a significant 2.6-fold
enrichment of VDRE1 (p<0.05), and no enrichment of VDRE2 or the negative control in the
PTHrP promoter (Figure 7d). Furthermore, PTHrP production in 1,25(0OH),Ds-treated primary
growth plate chondrocytes was significantly lower than in control cultures at all time points
(p<0.01, Figure 7d). These results indicate that also in primary Col2-pd2EGFP growth plate
chondrocytes, 1,25(0H),D3 and the VDR together bind to a 1,25(0OH),Ds-responsive region
(VDRE1) in the PTHrP promoter. In this way, 1,25(0OH),Ds directly inhibits PTHrP production
via the VDR.

Discussion

The regulation of chondrocyte differentiation is a key event in skeletal development.
Regenerative strategies for cartilage engineering use mesenchymal stem cells (MSCs), but
are hampered by the inherent capacity of chondrogenically differentiating MSCs to undergo
hypertrophic differentiation*®. Hence, understanding the processes that regulate
chondrocyte differentiation is crucial to further fine-tune regenerative strategies for
cartilage and bone engineering. In order to do so, we used growth plate chondrocytes, which
undergo differentiation in an orderly fashion. We used complementary in vitro (ATDC5 and
primary growth plate chondrocytes) and in vivo (Col2-pd2EGFP mice) models and
demonstrated that there is a functional paracrine feedback loop between 1,25(0H),D3 and
PTHrP in prehypertrophic growth plate chondrocytes (Figure 8).
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The effect of PTHrP on the vitamin D3 pathway

We hypothesized that in growth plate chondrocytes, PTHrP treatment would increase
vitamin D3 activity, either by interference with the key enzymes of vitamin D3 metabolism
(1a- and 24-hydroxylase) or by a direct effect on the VDR (Supplementary File 1). In the
kidney, PTH stimulates 1a-hydroxylase and inhibits 24-hydroxylase®” *®. The subcutaneous
administration of PTHrP to healthy women increased plasma 1,25(0H),Ds levels, but did not
affect endogenous PTH levels, indicating that - at an endocrine level - PTHrP stimulates 1a-
hydroxylase in the kidney in the same way that PTH does*. However, in the current study,
PTHrP did not significantly affect the expression of la- and 24-hydroxylase in ATDC5
chondrocytes in the prehypertrophic phase of differentiation. Although we did not
determine the actual activity of the respective enzymes, it is tempting to speculate that PTH
and PTHrP influence 1a- and 24-hydroxylase expression in a tissue/cell-specific manner.

We found that PTHrP significantly increased VDR expression. Vdr gene expression was
upregulated 4 hours after initiation of PTHrP treatment (T4), whereas repeated treatment
resulted in a lower increase in Vdr gene expression at T,s. Desensitization of the PTH-
induced cAMP response® might explain the decreased response of the ATDCS5 cells to PTHrP
after the second addition of PTHrP (at T,4) compared with the first addition (at To). Previous
studies found a PTH/PTHrP-mediated decreased VDR expression in renal, intestinal, and
osteoblast-like cells'®>"*2, but increased VDR expression in growth plate chondrocytes and
osteoblast-like cells®®>*. A possible explanation for these contradictory results is again a cell-
line/tissue specific effect.

Vitamin D,

25-hydroxylase

25(0H)D

3

1a-hydroxylase

y
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24-hydroxylase
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Degradation VDR Hypertrophic
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Figure 8. The paracrine feedback loop between PTHrP and 1,25(0OH),D; in prehypertrophic growth plate
chondrocytes. 1,25(0H),D; inhibits PTHrP production through a VDRE in the PTHrP promoter, and PTHrP
increases chondrocyte sensitivity to 1,25(0OH),D; via increased VDR expression.
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The effect of vitamin D3 on the PTHrP pathway

We hypothesized that treatment with 1,25(0OH),D; would decrease PTHrP production,
because Pthrp expression is reported to be suppressed by 1,25(0OH),Ds in several other cell
types?” > >®. In contrast to our hypothesis, in the in vivo studies with the Col2-pd2EGFP
mouse model, Pthrp gene expression was increased in Col2-pd2EGFP growth plate
chondrocytes from VitD-;+1,25D mice compared with VitD- or VitD+ mice. However, these in
vivo studies are limited by several factors. First, growth plate chondrocytes were isolated on
the basis of FACS of Col2-pd2EGFP-positive chondrocytes and, hence, may not be
representative of the total population of growth plate chondrocytes. Second, the altered
calcium homeostasis in the vitamin Ds-deficient mice treated with 1,25(0OH),D; resulted in
hypercalcemia, which could have attributed to the increased Pthrp and Vdr expression in
VitD-;+1,25D mice. Calcium has been shown to regulate PTHrP secretion®” 8 and to have an
additive effect on the homologous upregulation of VDR expression during treatment with
1,25(OH)2D34°‘42. To exclude the effects of interfering factors, we also performed in vitro
studies with ATDC5 and primary Col2-pd2EGFP growth plate chondrocytes and studied the
pattern of expression of target genes and proteins in the presence and absence of
1,25(0H);,Ds. In line with our hypothesis, PTHrP gene and protein expression was lower in
the 1,25(0OH),Ds-treated primary Col2-pd2EGFP growth plate chondrocytes compared with
control cultures. Also in prehypertrophic ATDC5 chondrocytes, PTHrP protein production
was decreased by 1,25(0OH),Ds-treatment. The counterintuitive increase of Pthrp gene
expression in 10® M 1,25(0OH),Ds-treated ATDC5 cultures compared with control cultures
from 24 hours of treatment onward could be explained by ‘Pthrp mRNA superinduction'43,
which is only provoked by the preceding decreased PTHrP protein expression in 10° M
1,25(0OH),Ds-treated prehypertrophic ATDC5 chondrocytes, and not at lower dosages.

We furthermore silenced the VDR to clarify its role in the regulation of PTHrP expression by
1,25(0H),Ds. VDR silencing counteracted the inhibitory effect of 1,25(0H),D3 on PTHrP
protein production. In addition, we observed significant enrichment of the PTHrP VDRE1 in
1,25(0OH),Ds-treated ATDC5 and primary growth plate chondrocytes in the prehypertrophic
phase of differentiation. This is the first study to report functional binding of 1,25(0OH),Ds
through its receptor to the promoter region of the PTHrP gene in growth plate chondrocytes.
The 1,25(0OH),Ds-responsive region (VDRE) in the PTHrP promoter has already been
characterized in other tissues®” ?®*° Taken together, these findings prove that in the growth
plate, the functional paracrine feedback loop between PTHrP and 1,25(0OH),Dsis closed by
the inhibition of PTHrP transcription by the binding of 1,25(0OH),Dsto a VDRE located in the
PTHrP (and not the PTHR1) promoter region.

The role of the paracrine PTHrP-1,25(0OH),D; feedback loop in hypertrophic chondrocyte
differentiation

Having established that there is a functional paracrine feedback loop between PTHrP and
1,25(0H),Ds in growth plate chondrocytes, we wanted to define the role of this feedback
loop in hypertrophic chondrocyte differentiation. Both 1,25(0OH),D3and PTHrP affected the
proliferation and differentiation of growth plate chondrocytes. 1,25(0OH),Ds; treatment
resulted in a decreased DNA content of the prehypertrophic ATDC5 chondrocytes, indirectly
indicating that 1,25(0OH),Ds had an anti-proliferative effect, which is in line with previous
reports'?. Moreover, 1,25(0H),D; had an inhibitory effect on chondrocyte hypertrophy,
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based on the reduced Col9, ColX, and Pthrl gene expression and collagen type X protein
expression in 1,25(0H),Ds-treated ATDC5 and primary Col2-pd2EGFP positive growth plate
chondrocytes. This is by no means a new finding, since 1,25(0OH),D3; has been shown to
inhibit terminal chondrocyte differentiation both in vitro and in vivo'>***°, In addition, VDR
silencing in 1,25(0OH),Ds-treated ATDC5 cells only partially reversed the anti-hypertrophic
effects of 1,25(0OH),Ds: it prevented the inhibitory effect of 1,25(0OH),Ds on Pthrl gene
expression, but it did not affect collagen type X expression. In unpublished studies, we found
that treatment with 10%® M and 10" M 1,25(0H),D; decreased the expression of
(pre)hypertrophic differentiation markers, and hence VDR silencing may have been
ineffective in counteracting the strong inhibitory effect of 10% ™M 1,25(0OH),D; on
hypertrophic differentiation. An alternative explanation is that 1,25(0OH),Ds also exerts

effects by binding to a membrane-associated receptor PDIA3® .

PTHrP is a well-known suppressor of hypertrophic chondrocyte differentiation” ®+%3.
Accordingly, in the control ATDC5 cultures, Col9 gene and collagen type X gene and protein
expression increased with time, but this increase was prevented by the addition of PTHrP.
Furthermore, the addition of PTHrP to ATDCS cells in a prehypertrophic differentiation phase
significantly downregulated the expression of the gene for the receptor of PTHrP, Pthrl,
which is also in line with previous reports®® ®. This homologous downregulation of Pthr1 is
possibly a measure to prevent overstimulation, but another explanation lies in the
physiological role of PTHrP, namely, to prevent proliferative cells leaving the proliferating
pool. In this way, hypertrophic chondrocyte differentiation - and thus PTHR1 production - is
delayed® *®2°. Taken together, the results of our study indicate that PTHrP could be used
clinically to inhibit undesirable hypertrophic chondrocyte differentiation. Accordingly, in
vitro work has already demonstrated that PTHrP successfully inhibited hypertrophic
differentiation of articular chondrocytesss' ¢ and cartilage constructs engineered from bone
marrow-derived mesenchymal stem cells (BMSCs), without losing cartilage-specific matrix
proteins (US patent 20080318859%). Moreover, in vivo, intra-articular PTHrP injection
together with collagen-silk scaffold implantation (4-6 weeks post-injury) inhibited terminal
differentiation and enhanced chondrogenesis in induced osteochondral defects in rabbits®’.
In contrast, in chondrogenically differentiated BMSC pellets, PTHrP could not diminish the
Ts-induced enhancement of hypertrophyﬁg. Despite significant reduction of some
hypertrophic markers, the absolute level of expression was still high compared with articular
chondrocyte-based cartilage constructs*®. Furthermore, PTHrP has even been reported to
suppress chondrogenic differentiation of BMSC pellets’®. Noteworthy is the fact that above
mentioned studies started the PTHrP treatment at different time points, i.e. before or after
manifestation of hypertrophy. Thus, the use of PTHrP needs to be further investigated with
regard to the inhibition of hypertrophic chondrocyte differentiation, articular cartilage
repair, and the generation of stable engineered cartilage from MSCs*.

In order to further study how the interaction between 1,25(0OH),Ds; and PTHrP influences
hypertrophic chondrocyte differentiation, we evaluated whether PTHrP prevents the
differentiation of chondrocytes through a VDR-dependent mechanism. For this purpose, the
VDR was successfully silenced in PTHrP-supplemented cultures, but the expression of Pthril
gene and collagen type X protein was hardly influenced. As it is not possible to discuss these
results in the light of earlier reports, we can only postulate that the anti-hypertrophic effect
of PTHrP is independent of the VDR. This indicates that 1,25(0OH),Ds and PTHrP individually

274



PTHrP and vitamin Dj in the growth plate

influence hypertrophic chondrocyte differentiation and thus may have a synergistic effect in
suppressing hypertrophic differentiation.

Conclusions

Taken together, the data obtained using an integrative approach involving in vitro studies
with ATDC5 and primary growth plate chondrocytes and in vivo studies with Col2-pd2EGFP
transgenic mice led us to conclude that there is a functional paracrine feedback loop
between PTHrP and 1,25(0H),D3 in prehypertrophic growth plate chondrocytes. 1,25(0OH),Ds
inhibits PTHrP production through a functional binding place (VDRE) in the PTHrP promoter,
and PTHrP increases chondrocyte sensitivity to 1,25(0OH),Ds by increasing VDR production.
The results of this study furthermore indicate that 1,25(0OH),Ds; and PTHrP individually
influence chondrocyte hypertrophy and, hence, may have the potential to inhibit
undesirable hypertrophic chondrocyte differentiation during cartilage repair or engineering.
To our knowledge, the effect of 1,25(0OH),Dsand the synergistic effect of a combination of
PTHrP and 1,25(0OH),D3; on MSC-based cartilage regeneration has not yet been evaluated and
might provide leads for new strategies to improve the quality of engineered cartilage.
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Supplementary File 1. The proposed feedback loop between vitamin D3 (1,25(0OH),Ds) and
PTHrP in the growth plate

Vitamin D3

25-hydroxylase

Y
25(0H)D, -

1a-hydroxylase | ———

Y
1,25(0H),D

273

Degradation VDR «—PTHrP

Y
VDRE promoter — PTHR1

We hypothesized that PTHrP increases the sensitivity of growth plate chondrocytes to 1,25(0H),D; either by
increasing 1,25(0OH),D; production by upregulating the 1la-hydroxylase enzyme, and/or decreasing the
catabolism of 1,25(0OH),D; by downregulating the 24-hydroxylase enzyme, and/or by upregulating vitamin D3
receptor (VDR) expression. Furthermore, we hypothesized that the feedback loop is closed by the inhibition of
PTHrP and/or PTHrP receptor (PTHR1) transcription by the binding of 1,25(0OH),D;to a vitamin D3 response
element (VDRE) located in the promoter region of (one of) these target genes.
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Supplementary File 2. Primers for the used reference and target genes in the in vivo and in
vitro RT-qPCR

Reference gene | Amplicon Size (bp) Forward and reverse primer 5’-3’ Exon Tm (°C) Protocol

Hspca 111 Fw:AATTGCCCAGTTAATGTCCTTGA 2 60 2-step
RV:TCGTAACGGATTTTATCCAGAGC 3

Rpl32 100 Fw:TTAAGCGAAACTGGCGGAAAC 2/3 64 2-step
RV:TTGTTGCTCCCATAACCGATG 3

Rps19 72 Fw:CAGCAGGAGTTCGTCAGAGC 1 56 3-step
Rv:CACCCATTCGGGGACTTTCA 1

Ywhaz 120 Fw:AACAGCTTTCGATGAAGCCAT 5/6 64 2-step
RV:TGGGTATCCGATGTCCACAAT 6/7

B2m 194 Fw:TTCTGGTGCTTGTCTCACTGA 2 64 2-step
Rv:CAGTATGTTCGGCTTCCCATTC 4

Gapdh 165 Fw:GGAGTCCACTGGCGTCTTAC 5 58 2-step
RV:GAGGCATTGCTGATGATCTTGAGG 6/7

Hbms 101 Fw:ACTCTGCTTCGCTGCATTG 11 58 2-step
RV:AGTTGCCCATCTTTCATCACTG 12/13

Hprt-1 142 Fw:TCAGTCAACGGGGGACATAAA 4 64 2-step
Rv:GGGGCTGTACTGCTTAACCAG 6

Sdha 106 Fw:GGAACACTCCAAAAACAGACCT 2 57 3-step
RVv:CCACCACTGGGTATTGAGTAGAA 3

Tbp 167 Fw:GGCCTCTCAGAAGCATCACTA 2/3 66 2-step
Rv:GCCAAGCCCTGAGCATAA 3

Target Gene Amplicon Size (bp) Forward and reverse primer 5’-3’ Exon Tm (°C) Protocol

Ihh" 171 Fw:CACGCCTGCCCACCTGCTCTTC 1 64 2-step
Rv:TGGGCTGCTGGTTCTGTATGATTGTC 2

pthc” 164 Fw:AAAGAACTGCGGCAAGTTTTTG 2 65 2-step
Rv:CTTCTCCTATCTTCTGACGGGT 3

Pthrp# 172 Fw: GTTCAGCAGTGGAGTGTC 2 61 2-step
Rv: GATGGTGGAGGAAGAAACG 3

pthr1® 125 Fw:CAGGCGCAATGTGACAAGC 5 58 2-step
Rv:TTTCCCGGTGCCTTCTCTTTC 6

vdr® 165 Fw:ACCCTGGTGACTTTGACCG 3 62 2-step
Rv:GGCAATCTCCATTGAAGGGG 4

24-(OH)ase" 148 Fw:CTGCCCCATTGACAAAAGGC 1 68 2-step
Rv:CTCACCGTCGGTCATCAGC 1

1 a—(OH)ase“ 125 Fw:TCCTGGCTGAACTCTTCTGC 1 68 2-step
Rv:GGCAACGTAAACTGTGCGAA 2

Collagen X* 177 Fw:GCAGCATTACGACCCAAGAT 3 60 2-step
Rv:CCTGAAGCCTGATCCAGGTA 3

Collagen 11 103 Fw: ACCATGAACGGTGGCTTCCA 52 64 2-step
Rv: AGCCCTCAGTGGACAGTAGA 53

Collagen IX 352 Fw: CTGTGTGTGCAGTTGTCTGG 2 64 2-step
Rv: CCAGTGCTTTTCAAGTGTGC 5

bp: base pairs, Tm: melting temperature.
(http://openwetware.org/wiki/Eccles:QPCR_reference_genes,*(adapted from h),
*http://pga.mgh.harvard.edu/primerbank)

Reference
1. Lafont J, Jacques C, Le Dreau G, et al. 2005. New target genes for NOV/CCN3 in chondrocytes: TGF-beta2 and type X
collagen. J Bone Miner Res 20: 2213-2223.
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Supplementary File 3. Details of the primary and
Western blot and immunohistochemistry protocols

Western blot

PTHrP and vitamin Dj in the growth plate

secondary antibodies used in the

Target . . " .
e Primary Antibody Secondary Antibody Washing | Block
CYP27B1 (M-100): 4% ECL Blocking Solution powder,
la- sc-67260, Santa Cruz Goat anti-rabbit 1gG, R&D TBSTO.1% (Amersham ECL™ Advance
hydroxylase | Biotechnology systems, HAF008 1:20,000 =7 | Western Blotting Detection Kit,
(0.2 mg/mL) 1:500 RPN2108)
ANTI-CYP24A1, Sigma 4% ECL Blocking Solution powder,
24- Prestige Antibodies, Goat anti-rabbit 1gG, R&D TBSTO.1% (Amersham ECL™ Advance
hydroxylase | HPA022261 systems, HAF008 1:20,000 =7 | Western Blotting Detection Kit,
(0.4 mg/mL) 1:1000 RPN2108)
Pan Actin Ab-5 4% ECL Blocking Solution powder,
B-actin (ACTNO5), NeoMarkers, | Goat anti-mouse IgG, R&D TBST0.1% (Amersham E(.ZL AdvanFe )
MS-1295-P1 Systems, HAF007 1:20,000 Western Blotting Detection Kit,
(0.2 mg/mL) 1:1000 RPN2108)
4% ECL Blocking Solution powder,
* i 0 ™
Col X pXNC1 Goat anti-rabbit 1gG, R&D TBST0.1% (Amersham E(.ZL Advanf:e )
(0.36 mg/mL) 1:1000 Systems, HAF008 1:20,000 Western Blotting Detection Kit,
RPN2108)
. o S - -
:I—:ggo(,\éalni)e; Cruz Chicken anti-goat IgG-HRP: ?:)micrtth:(r?:l:gli”sis\t/:)nnc:ovvder’
PTHrP K ! sc-2961, Santa Cruz TBSTO0.3% . . .
Biotechnology Biotechnology 1:20.000 Western Blotting Detection Kit,
(0.2 mg/mL) 1:250 gy 120, RPN2108)
Anti-VDR, MA1-710, IHC Select® Secondary Goat o . .
VDR Affinity Bioreagents Anti-Rat 1gG, Millipore, TBST0.3% ;e/:::]AS(:M:;m:;:)rS%T Bovine
(1 mg/mL) 1:500 21543 1:10,000 » >lgma,
Immunohistochemistry
Name Manufac- Origin Ab Ig Antigen Block Dilution 1°* 2™ Ab
turer 8 fraction retrieval Ab
Col X, clone
¢ Pab . 1:10 goat -
PXNC2 Greg . Hyaluronidase . . EnVision
(0.36 Lunstrum Mouse rabbit 3706, 30 min serum/ 1:800 in PBST K4011
1gG PBST
mg/mL)
VDR MAB human and 1:5 goat
1360, Millioore chicken Mab rat Citrate, 700C, 60 se.rugm/ 1:600 in RTU 21543,
clone 9A7 P 18G2b min 1%BSA/PBST Chemicon
89-105 PBST
(1 mg/mL)
PTHLP, PCOS | . :‘:cr;‘;"binam f:k:’bit Trypsin 37°C, 30 :;3 ngq"/at 1:75in EnVision
H [
(0.1 mg/mL) 34.53 G min pBST 1%BSA/ PBST | K4011
PTH/PTHrP-
R (E-17), N-terminus Pab goat | Citrate, 70°C, 60 | Donkey 1:100 in
sc-12777 Santa Cruz human 18G min serum serum block 5¢-2053
(0.2 mg/mL)

* The pXNC1 antibody against collagen type X was kindly provided by Dr. Gregory P. Lunstrum (Lunstrum GP,
Keene DR, Weksler NB, et al. 1999. Chondrocyte differentiation in a rat mesenchymal cell line. J Histochem
Cytochem 47: 1-6) Mab: monoclonal antibody, Pab: polyclonal antibody, Hyaluronidase: bovine hyaluronidase
450 IU/mg, 4 mg/mL adjust to pH 5 with 0.1M HCI, Citrate buffer: 10mM citrate, buffer adjusted to pH 6,
Trypsin: 0.1% in 0.1% CaCl, working solution adjusted to pH 7.8, PBST: Phosphate buffered saline 0.1% Tween-

20.
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Supplementary File 4. Chromatin immunoprecipitation (ChIP) analysis - VDRE locations in
the PTHrP promoter and primer details

VDRE locations in the PTHrP gene of rats and mice, upstream from the transcription start site
(TSS) of the PTHrP promoter *?

PTHrP DRE | Species | Location upstream from TSS
VDRE1 Rat 1403 GGGTGGAGAGGGGTGA 1387

Mouse | 1128 GGGAGGGGAGGGGTGA 1111

VDRE2 Rat 1076 AGGTTACTCAGTGAA 1061

Mouse | 783 TGGGCACTCAGTGAA 768

Primer sequences of the used target genes in the ChIP analysis

Target Amplication Size (bp) Forward and reverse primer 5’-3’ Tm (2C)

PTHrP VDRE1 147 Fw: CAAGGGAAAGAGACAAGGGC 57
Rv: TGATGCTCTACAGACTTCTGG

PTHrP VDRE2 184 Fw: CACCTCTAGACCCACAATCAG 54.5
Rv: GATCACAGACGACCTGGA

PTHrP negative control 150 Fw: ATTTCTGAATGAGACTGACAGG 61.5
Rv: AGAGAAACTATGGACAATGAGG

PTHR1 VDRE1 144 Fw: AAACTCCATTCCCATCACG 59
Rv: CTACAAGACTCGGGTTCAG

PTHR1 VDRE2 108 Fw: ATCGAAGAACCAGGGATGC 62
Rv: TCTGGACCTTCGTTGGAC

PTHR1 VDRE combination 202 Fw: GGAGGATAACATGATGGAGGG 59
Rv: TCTGGACCTTCGTTGGAC

PTHR1 negative control 150 Fw: CCCAGAGACCCCATGCTGATCTA 61.5
Rv: GCAGCAAGTTAAGGTGCCAGAGC

24-OHase VDRE 151 Fw: GTCCTCAGGAACCTTGC 63
Rv: TAACCTGAGAAAGGCGAG

Forward (Fw) and Reverse (Rv) primer pairs used for DNA analysis of the PTHrP, PTHR1 and 24-hydroxylase
promoter. bp: base pairs, Tm: melting temperature, TSS: transcription start site, VDRE: vitamin D response
element.

References

1. Falzon M. 1996. DNA sequences in the rat parathyroid hormone-related peptide gene responsible for 1,25-
dihydroxyvitamin D3-mediated transcriptional repression. Mol Endocrinol 10: 672-681.

2. Kremer R, Sebag M, Champigny C, et al. 1996. Identification and characterization of 1,25-dihydroxyvitamin D3-responsive
repressor sequences in the rat parathyroid hormone-related peptide gene. J Biol Chem 271: 16310-16316.
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Supplementary File 5. Detailed protocol of the ChIP assay

ATDC5 cells were seeded in Falcon primaria petri dishes (BD Biosciences, 353803) at a
density of 6,400 cells/cm? and differentiated for 7 days. On differentiation day 7, each petri
dish contained approximately 22*10° cells. Cells were treated with 10%M 1,25(0OH),Ds for 1,
4, and 24 hours. At these time points, protein and DNA were cross-linked by adding 37%
formaldehyde solution (Merck, 104003) in a final concentration of 1%; culture dishes were
incubated for 10 minutes at room temperature on a swirl plate. The reaction was stopped by
the addition of glycine in a final concentration of 0.125 M and dishes were incubated for 5
minutes. Cells were washed with cold Hanks (Sigma, D8537) twice and scraped into 1 mL SDS
lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl pH 8.1) containing a protease inhibitor
cocktail (Roche, 11873580001). Thereafter, cells were sonicated on a Soniprep 150 MSE for
10 seconds at power level 24-26 in order to homogenize the lysate. Then 500 L of the lysate
was diluted with 500 uL SDS lysis buffer and further sonicated eleven times with 10-second
pulses for 50 seconds at power level 24-26. After centrifugation for 10 minutes (4 °C, 16.1
rpm), aliquots of 150 pL were stored at -20 °C. Each aliquot was brought up to 1.5 mL by
adding ChlIP dilution buffer (0.01% SDS, 1.1% Triton X 100, 1.2 mM EDTA, 167 mM NacCl, 16.7
Tris-HCI, pH 8.1) containing a protease inhibitor cocktail. The chromatin was precleared with
30 pg Protein G Agarose beads (92590, Millipore) per immunoprecipitation, and incubated
for 1 hour at 4 °C with rotation. Beads were removed by centrifugation for 3 minutes (6.6
rpm). Input controls were collected at this time and stored at 4°C. Then 2 pg of rat anti-VDR
(Affinity Bioreagents, MA1-710) and rat 1gG (Chemicon, IgG2b, CBL606) antibodies were
added to each pre-cleared sample and samples were rotated overnight at 4°C. Antibodies
were pelleted by the addition of 30 pug protein G beads and rotation for 1 hour at 4°C. The
bead-antibody-protein-DNA complexes were pelleted by cooled centrifugation (6.6 rpm) for
2 minutes and washed by 5 minute rotation with 1 mL of the following wash buffers: once
with low salt buffer (0.1% SDS, 1% Triton X 100, 2 mM EDTA, 20 mM Tris-HCl pH 8.1, 150 mM
NaCl); once with high salt buffer (1% SDS, 1% Triton X 100, 2 mM EDTA, 20 mM Tris-HCI pH
8.1, 500 mM NacCl); once with LiCl buffer (0.25 M LiCl, 1% NP40, 1% deoxycholate, 1 mM
EDTA, 10 mM Tris-HCI pH 8.1), and twice with TE buffer (10 mM Tris-HCI pH 8.1, 1 mM
EDTA). The samples were cooled and centrifuged after each washing step for 1 minute (6.6
rpm). Beads were eluted by two times after a 15-minute incubation at room temperature in
200 pL elution buffer (1% SDS, 0.1 M NaHCOs). Protein-DNA crosslinking was reversed by
incubation of eluates with 0.19 M NaCl final concentration at 65°C overnight. RNA was
digested by adding 1 uL RNase A to each sample and incubation for 30 minutes at 37°C.
Thereafter 4 uL 0.5 M EDTA, 8 pl 1 M Tris pH 8.1, and 1 pL proteinase K were added to each
sample and samples were incubated for 2 hours at 45°C. DNA purification (Qiagen PCR
cleanup kit, 28106) was performed according to manufacturer’s instruction. Eluates were
used as templates in the real-time gPCR.

ChIP experiments were analyzed with real-time gqPCR in an iCycler iQ real-time PCR detection
system (Bio-Rad, Veenendaal, the Netherlands). Two microliters of purified DNA was used,
to which 13 pL SYBR green supermix (Bio-Rad, Veenendaal, the Netherlands, 1Q 10003253),
12 pL MQ and 1.2 pL forward and reverse primer were added. As a normalization method,
‘signal over background’ was used. First, the value of input minus sample was calculated,
and the power of two was calculated for this value. Thereafter, the correction for the input
percentage was performed. Lastly, the difference between normalization control (IgG) and
antibody were calculated, representing the n-fold enrichment.
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Supplementary File 6. Biochemistry and immunohistochemistry of the in vivo studies with
transgenic Col2-pd2EGFP reporter mice
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(a) From left to right: Significantly increased body weight in VitD+ mice compared with VitD- mice from 4 weeks
of age onward. Plasma levels of Ca, P, PTH (all individual), 25(0OH)D; (individual and pooled), and 1,25(0OH),D;3
(pooled) for the three different groups revealing the typical signs of rickets with hypocalcemia and
hyperparathyroidism in Vitamin D; deficient mice (VitD-) compared with controls (VitD+). Supplementation
with 1,25(0OH),D; (VitD-;+1,25D) reversed the vitamin Ds-deficient phenotype. *:p<0.05, **:p<0.01,
***.p<0.001. (b) Immunohistochemical staining for VDR, PTHrP, and PTHR1 in VitD+, VitD-, and VitD-;+1,25D
mice quantified with the aid of Image J.
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Abstract

Humans and dogs experience back pain related to intervertebral disc (IVD) degeneration.
Parathyroid hormone related protein (PTHrP) and Indian hedgehog (IHH) play a role in
chondrocyte (hypertrophic) differentiation and degeneration, but their role in IVD
degeneration and calcification is unknown. A better understanding of their involvement may
provide therapeutic clues. Therefore, this study aimed to explore their expression in the
postnatal IVD during the maturation and degeneration phase. IHH, PTHrP and related
receptor expression were studied during IVD maturation, defined as notochordal cell (NC) to
chondrocyte-like cell (CLC) transition: i.e. in healthy and maturated canine IVDs, canine NCs
that lost their phenotype during culture, and caveolin-1 null IVDs known to undergo
accelerated IVD maturation. Additionally, their expression was determined during IVD
degeneration: in maturated until severely degenerated canine and human IVDs. Correlations
were determined between IHH, PTHrP, and related receptor expression and calcification
levels. Lastly, the effect of IHH and PTHrP on CLCs was determined in vitro. The expression of
IHH, PTHrP and related receptors decreased during IVD maturation, while their expression
and calcium deposition increased during IVD degeneration. IHH and PTHrP receptor
immunopositivity was increased in nucleus pulposus tissue with abundant calcification
versus no/low calcification. Additionally, PTHrP decreased glycosaminoglycan production in
3D-cultured CLCs, while IHH facilitated calcification in 2D-cultured CLCs. In conclusion, IHH
and PTHrP expression is present in healthy and degenerated IVDs. IHH had the propensity to
induce calcification in CLCs from degenerated IVDs, indicating that inhibiting IHH signaling
could be a therapeutic approach to inhibit calcification during IVD degeneration.
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Introduction

Low back pain is a major health problem, since over eighty percent of the human population
experiences this during their lifetime’. An important cause for low back pain is degeneration
of the intervertebral disc (IVD)Z. The IVD, situated between the vertebral bodies, provides
flexibility to the spine. The IVD consists of an inner gelatinous nucleus pulposus (NP) and
outer fibrous annulus fibrosus. During IVD maturation, large, vacuolated notochordal cells
(NCs) are replaced by smaller, non-vacuolated chondrocyte-like cells (CLCs), a process that in
the human NP has come to near completion already at birth®. The healthy NP contains a high
glycosaminoglycan (GAG) content that attracts water, whereas during IVD degeneration, the
NP GAG and water content decreases and denatured collagen content increases®. These
adverse changes result in formation of a more rigid extracellular matrix (ECM), NP
dehydration, and decreased disc height. Additionally, hypertrophic differentiation and
calcification can occur in the degenerated IVD®. The avascular IVD exhibits inadequate repair,
leading to a vicious circle. Hereby, the IVD weakens and encounters increased vulnerability
to damage by physiologic loading. Consequently, loss of mechanical function, traumatic
damage, and pain develops®.

Current treatments for IVD disease are primarily aimed at relieving symptoms. Therefore,
there is an urgent need for agents stimulating biological repair of the IVD’. To develop such
treatments, further knowledge of the pathogenesis of IVD degeneration is required.
Numerous signaling pathways have been proposed to play a role in IVD degeneration,
including: Wnt/B-catenin; Sonic hedgehog (SHH); and Hypoxia-inducible factor signaling®*°.
However, the role of the Parathyroid hormone-related protein (PTHrP) and Indian hedgehog
(IHH) pathway in the postnatal IVD remains elusive. It is known that IHH and PTHrP form a
growth-restraining feedback loop during endochondral ossification in the embryonic and
early postnatal growth plate, in which PTHrP inhibits IHH and IHH stimulates PTHrP
production“"B. IHH, produced by prehypertrophic growth plate chondrocytes, promotes
proliferation and differentiation and stimulates calcification independently from PTHrP™.
Together with SHH, IHH belongs to the hedgehog family, which plays a crucial role in
embryonic development. In the absence of hedgehogs, their receptor Patched (PTCH)
interacts with transmembrane protein Smoothened (SMO), thereby inhibiting downstream
hedgehog signaling. In the presence of hedgehog proteins, SMO is released upon their
binding to PTCH. This activates downstream hedgehog signaling, including activated target
gene expression through three GLI transcription factors. GLI1 functions as transcriptional
activator, whereas GLI2 and GLI3 act as either positive or negative regulators, depending on
posttranscriptional and translational processing”’ 12,1416 pTHp, produced by periarticular
chondrocytes, prevents proliferative cells from leaving the proliferating pool. In this way,
hypertrophic chondrocyte differentiation and IHH production is delayed. PTHrP has an auto-
and paracrine function in various tissues and resembles parathyroid hormone (PTH) in
genetic sequence and structure. In addition, PTHrP and PTH share their receptor: PTHR1***"
18

IHH and PTHrP are extensively studied in joint cartilage, but their function in the postnatal
IVD is largely unexplored. Previous work indicated a positive correlation between IHH
expression and osteoarthritis (OA)'®?%, a process resembling IVD degeneration®.
Furthermore, IHH promotes chondrocyte hypertrophy and calcification®®, which also occurs
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during IVD degeneration®. In line with this, disrupted IHH signaling prevented hypertrophic
chondrocyte differentiation and osteophyte formation in OA cartilage23' 2 indicating that
inhibition of IHH signaling could be a therapeuticapproach to prevent or
retard degeneration. Additionally, previous research demonstrated that PTHR1 expression
was decreased in OA chondrocyteszs, that PTHrP suppressed chondrocyte mineralization and
hypertrophy?® and that PTH inhibited progression of OA?’.

Only scarce and fragmented information is available regarding the role of PTHrP and IHH in
the IVD. Previous work indicates that PTCH'” ?® and SHH'® 2> 3° are expressed in the
postnatal murine IVD, whereas PTHrP was absent®®. Furthermore, PTH has been shown to
increase ACAN and COL2A1 expression in ovariectomized rat NPs*L. In addition, it partially
recovered NC numbers compared with non-treated CLC-containing ovariectomized rat
NPs*L. In line with this, PTH also increased collagen type Il expression and suppressed
calcification in degenerated human CLCs*%.

Altogether, results from previous research imply that IHH and PTHrP could potentially be
targets for IVD repair, but that their effect has not been determined on postnatal IVDs that
can suffer from clinical IVD disease. Therefore, in the current study, the expression and
possible role of PTHrP and IHH in the IVD was determined in two different phases: during the
transition from NCs to CLCs (maturation phase) and in maturated IVDs, to determine the
effects of degeneration (degeneration phase). The setup of the current study is presented in
Figure 1, and a schematic overview of the results in Table 2.

Role of
IHH-PTHrP

Maturation Degeneration
BE38 539
- - &S
| |
I 1 1 I 1 1
Expression L «NCdediff. | | [caveolin-1 null f Expression ‘ Correlation |
. ‘ 4
| & [ - = . » J U & o . @ 3 -

| _,.}\ g

GAG productiori‘ l Calcification |

Figure 1. Schematic setup of the study. The role of Indian hedgehog (IHH) and Parathyroid hormone related
protein (PTHrP) in the intervertebral disc (IVD) was determined in two different phases: during the transition
from vacuolated notochordal cells (NCs) to chondrocyte-like cells (CLCs) (maturation phase) and in maturated
until severely degenerated IVDs (degeneration phase). IHH- and PTHrP-related protein expression was
determined using immunohistochemistry in canine and human NPs from healthy until severely degenerated
IVDs. To further elucidate the expression of IHH and PTHrP in IVD maturation, IHH- and PTHrP-related gene and
protein expression was studied in NCs from healthy canine IVDs that dedifferentiated during monolayer culture
and in murine WT and caveolin-1 null NPs. Both models are representative for the transition of NCs towards
CLCs (maturation phase). To determine the role of IHH and PTHrP in IVD degeneration, the correlation between
PTHrP and IHH (receptor) expression and calcification was determined in surgically removed human NP
samples across the range of histological IVD degeneration. Lastly, the effect of IHH and PTHrP was determined
on GAG production and calcification of canine CLCs in vitro.
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Materials and Methods

Study design

In this study, IHH, PTHrP and related receptor expression and function was determined in
two different phases: during the transition from NCs to CLCs (maturation phase) and in
maturated until severely degenerated IVDs (degeneration phase) (Figure 1). To determine
the expression of IHH and PTHrP in IVD maturation, IHH- and PTHrP-related gene and
protein expression was studied in healthy-maturated canine IVDs, NCs from healthy NCD
canine IVDs, and in murine WT and caveolin-1 null NPs. The canine NCs lose their typical
vacuolated phenotype and characteristics during monolayer culture®®. Caveolin-1 null mice
are known to undergo accelerated IVD maturation: the large, vacuolated NCs are replaced
by smaller, non-vacuolated chondrocyte- and fibroblast-like cells**. Therefore, both models
are representative for the transition of NCs towards CLCs, which occurs during IVD
maturation.

To determine the role of IHH and PTHrP in IVD degeneration, IHH- and PTHrP-related protein
expression was studied in maturated until severely degenerated canine and human IVDs.
Additionally, the correlation between IHH, PTHrP and related receptor expression and
calcification was determined in surgically removed human NP tissue across the range of
histological IVD degeneration. Lastly, the effect of IHH and PTHrP was determined on
chondrogenic matrix deposition and calcification of canine CLCs from degenerated IVDs in
vitro.

IHH-PTHrP expression in healthy until severely degenerated canine and human NPs

IHH- and PTHrP-related immunopositivity was determined in canine and human NPs from
healthy until severely degenerated (Thompson score I-V) IVDs. All dogs had been euthanized
in unrelated experiments, approved by the Utrecht University Animal Ethics Committee, or
were client-owned dogs that were submitted for necropsy to the Faculty of Veterinary
Medicine, Utrecht University. Thirty-seven thoracolumbar or lumbosacral IVDs from dogs of
various breeds (5 CD, 11 NCD), age (1-16 years) and gender (11 female, 5 male) were studied
(Supplementary File 1). The samples were divided into five different grades of degeneration
based on gross morphology of midsagittal sections (Thompson grading): score | is healthy
and score V represents end stage degeneration®> . IVD donors were chosen based on equal
representation of all Thompson scores (n=8-7-8-7-7 for grade I-V, respectively). Tissue was
obtained within 24 h after death, and IVD slices were decalcified in 0.5M EDTA (pH 7.0) for
three months as previously described”’. Sections were dehydrated and rinsed in xylene
before being embedded in paraffin wax.

Human IVDs were obtained during standard postmortem diagnostics. The L2-L5 part of the
spine was collected (<48 hours after death), as approved by the scientific committee of the
Pathology department (University Medical Centre Utrecht (UMCU)). Anonymous use of
redundant tissue for research purposes is a standard treatment agreement with UMCU
patients (Local Medical Ethical Committee number 12-364). IVDs were used in line with the
code ‘Proper Secondary Use of Human Tissue’, installed by the Federation of Biomedical
Scientific Societies. Also the human IVDs were chosen based on approximately equal
representation of all Thompson scores (n=5-4-4-5-4 for grade |-V, respectively,
Supplementary File 1). IVD tissues were decalcified in Kristensen’s solution (50% formic acid
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and 68 g/L sodium formate) in a microwave oven at 150 W and 50°C for 6 h as previously
described®® *. Sections were dehydrated and rinsed in xylene before embedding in paraffin
wax and after an H&E staining histologically graded*® **. Briefly, sections were scored
numerically between 0 and 12 based on the presence of cell clusters, fissures, loss of
demarcation and haematoxophilia (indicating reduced proteoglycan content).

For both canine and human samples, 5 um midsagittal sections were mounted on
Microscope KP+ slides (KP-3056, Klinipath) and immunohistochemically stained for IHH,
PTCH, SMO, PTHrP and PTHR1 (Table 1) using the ImmunoCruz™ goat LSAB Staining System
(sc-2053, Santa Cruz) with citrate buffer (10 mM, pH 6) antigen retrieval (30 minutes, 70°C).
Negative control sections stained with blocking peptides for the specific target proteins did
not show staining. End plates of each section served as internal positive control. Raw images
were made with a Leica DFC420C digital camera (Leica Microsystems) mounted to a BX60
microscope (Olympus) and Leica Application Suite (V4.2) software package. (Positively
stained) cell numbers in each NP were manually counted. Adobe Photoshop CS6 was used to
manually count (positively stained) cell numbers in four (canine) or six (human) randomly
selected NP areas per IVD section as described previously34. The mean percentage of cells
that stained positive over the total number of cells present (ratio) was determined per
Thompson score for every target protein. Immunopositivity thus indicates ratio of positive
cells, not intensity of the staining.

Table 1. Details of the immunohistochemistry protocols

Target Manufacturer Concentration 1%  Concentration 1% Concentration 1% Ab human

protein Ab murine Ab canine

IHH Santa cruz, sc- 2 pg/mL 2 ug/mL 4 pg/mL
1196

PTCH Santa cruz, 4 ug/mL 4 ug/mL 4 pg/mL
sc-6149

sSMO Santa cruz, 8 ug/mL 4 ug/mL 8 ug/mL
sc-6366

PTHrP Santa cruz, 8 ug/mL 4 ug/mL 8 ug/mL
sc-9680

PTHR1 Santa cruz, 8 pg/mL 10 pg/mL 10 pg/mL
sc-12777

Collagen 2031501005, Not done 1:50 (actual Not done

type X Quartett concentration not

known)

Antibodies for target proteins and concentrations that were applied per species.

Only in young canine donors with healthy (Thompson score 1) IVDs, PTHrP was highly
expressed, whereas this was considerably lower in older canine donors with healthy 1VDs.
This indicates that PTHrP was present in NCs from healthy canine IVDs, but that its
expression decreased during ageing. To confirm this, Thompson score | IVDs of younger
canine and human donors were also studied. NPs from 8 canine (1 day - 6 weeks of age) and
12 human (21 weeks of gestation - 3 months of age, postnatal) donors were fixed in 4%
neutral buffered formaldehyde, embedded in paraffin, and 5 um sections were mounted.
PTHrP IHC was performed as described previously (Table 1).
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IHH-PTHrP expression in cultured NC clusters

To study IHH and PTHrP in IVD maturation, IHH- and PTHrP-related gene expression was
studied in NCs from healthy NCD canine IVDs that lost their typical vacuolated phenotype
and characteristics during monolayer culture®. This model thus also represents the
transition of NCs towards CLCs (IVD maturation).

All dogs had been euthanized in unrelated experiments, approved by the Utrecht University
Animal Ethics Committee. The cervical and thoracolumbar spines were collected from 8 NCD
(mixed breed, 13-60 months). NC clusters were obtained as described previously** and
cultured in their original cluster-like formation. To imitate NC dedifferentiation, the NC
clusters from each donor were plated in 6-wells and cultured for 4 days at 37°C, 5% CO,, 21%
O, in DMEM-F12 (10565018, Gibco), 10% Fetal Bovine Serum (FBS, 16000-044, Life
Technologies) and 1% penicillin/streptomycin (P/S, P11-010, PAA Laboratories). During
monolayer culture, the NCs lost their specific phenotype and marker (brachyury, cytokeratin
8) expression33. Samples for RT-qPCR were collected at day 0, 2, and 4. RNA was isolated and
cDNA was generated from the cultured NCs (n=8) and native NPs (n=6) as described
previously®®. RT-qPCR for Indian hedgehog (IHH), Sonic hedgehog (SHH), Patched (PTCH),
Smoothened (SMO), Parathyroid hormone-related protein (PTHrP), Parathyroid hormone
receptor-1 (PTHR1) and transcription factors GL/1, GLI2, and GLI3 was performed and
analyzed as described previously® (Supplementary File 2).

IHH-PTHrP expression in murine caveolin-1 null and WT NPs

To further study IHH and PTHrP during IVD maturation, IHH- and PTHrP-related protein
expression was studied in murine WT and caveolin-1 null NPs. Caveolin-1 null mice are
known to undergo accelerated IVD maturation: the large, vacuolated NCs are replaced by
smaller, non-vacuolated chondrocyte- and fibroblast-like cells®. As such, this model is
representative for the transition of NC towards CLCs, which occurs during IVD maturation.
Experimental procedures were performed according to guidelines of the Utrecht University
Ethics Committee (DEC 2008.111.01.001). Lumbar spines of 1.5-, 3-, and 6-month-old caveolin-
1 null (Cav™™Mk, JAX®, the Jackson Laboratory) and WT mice (B6129SF2, JAX') were fixed in
4% neutral buffered formaldehyde, decalcified (7 days, 10% EDTA) and embedded in
paraffin. Five um midsagittal sections were immunohistochemically stained as described for
the canine and human IVDs, with adjusted antibody dilution (Table 1). All IVDs were
evaluated, yielding 3-4 IVDs per lumbar spine. (Positively stained) cell numbers in each NP
were manually counted as described previously. The percentage of positively stained cells
over the total number of cells present was determined for every NP.

Correlation between PTHrP-IHH expression and calcification in human NPs

Surgically removed NP tissue was fixed in 10% v/v neutral buffered formalin and processed
to paraffin wax. Following embedding, 4 um sections were cut and histologically graded
using the previously published criteria®® *. To determine the frequency of calcium
deposition in the NP of human IVDs, initial work investigated Alizarin Red S staining on 113
human NP samples with different grades of degeneration (Supplementary File 1). Calcium
deposition was then manually scored on a grade of 0-3 where 0 was no calcium deposits
present and 3 was intense calcium (Figure 6a). To enable comparison of low versus high
calcium deposition, percentage of samples from non-degenerate, mid-grade degenerate,
and high grade degenerate discs were then determined for those scoring <1 (low) and >1
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(high) calcium staining intensity. Thereafter, the correlation between PTHrP, IHH and related
receptor expression (ratio) and calcification staining intensity was determined in a smaller
subset of 30 surgically removed human NP samples with different degeneration grades and
calcium deposition (Supplementary File 1). IHH, PTCH, SMO, PTHrP and PTHR1 IHC and
Alizarin Red S staining42 was performed as described previously. Since we observed a trend
towards higher IHH immunopositivity with high NP calcium levels (p=0.14, medium effect
size), the sample size was increased (n=56). Thereafter, the trend was confirmed with
statistical significance (p=0.003, large effect size).

The effects of IHH and PTHrP on canine CLCs in vitro

To further elucidate the role of IHH and PTHrP in the IVD degeneration phase, the effect of
IHH and PTHrP was determined on chondrogenic matrix deposition, hypertrophic
differentiation and calcification of CLCs from degenerated IVDs in vitro.

The effect of IHH and PTHrP on chondrogenic matrix production and target gene expression
CLCs from six canine donors (Beagles, 2-6 years of age) were obtained from degenerated
IVDs (Thompson score II-Ill) and expanded as described previously® in expansion medium
containing hgDMEM+Glutamax (31966, Invitrogen) with 10% FBS, 1% P/S, 0.1 mM Ascorbic
acid 2-phosphate (Asap, A8960, Sigma-Aldrich), 10° M dexamethasone (AD1756, Sigma-
Aldrich) and 1 ng/mL bFGF (PHP105, AbD Serotec). Passage 2 CLCs were plated in 96-well
plates (7007, Corning Life Sciences) at 5% O,, 5% CO,, 37°C at a density of 35,000 cells/well
in 50 pL basal culture medium, composed of hgDMEM+Glutamax, 1% P/S, 1% ITS+ premix
(354352, Corning Life Sciences), 0.04 mg/mL L-proline (P5607, Sigma-Aldrich), 0.1 mM Asap,
and 1.25 mg/mL bovine serum albumin (A9418, Sigma-Aldrich). Micro-aggregate formation
was induced by centrifuging the 96-well plates at 50g for 5 minutes. After one day, basal
culture medium was replaced by basal culture medium (control) supplemented with/without
0.1 or 1 pug/mL IHH (1705-HH, R&D Systems) or 107 or 10® M PTHrP (PTH-Related Protein
(1-34) amide, H-9095, Bachem). Concentrations were chosen based on previous research'”
3 After 24 hours of treatment, micro-aggregates were collected for RT-qPCR
(Supplementary File 2; IHH, PTCH, SMO, PTHRP, PTHR1). RNA isolation, cDNA synthesis, and
RT-gPCR was performed as described previouslya. After two weeks, micro-aggregates were
collected for histology, DNA and GAG content measurements (in duplo) as described
previously®>. The micro-aggregates’ GAG content and release in culture medium were
measured using a dimethyl methylene blue assay*. The DNA content was measured using
the Qubit® dsDNA High Sensitivity Assay Kit (Q32851, Invitrogen). For histology, micro-
aggregates were fixed in 4% neutral buffered formaldehyde for 24 hours and embedded in
alginate and processed in paraffin. Five um sections were mounted and Safranin O/Fast
Green staining was performed as described previously.

Induction of hypertrophic differentiation and calcification

To test the effect of PTHrP and IHH on hypertrophic differentiation and calcification,
hypertrophy needed to be induced in CLCs. Several approaches were tested. First, a
previously described setup for hypertrophic MSC differentiation was followed®. Passage 2
canine CLCs from 6 Beagles with degenerated IVDs (2-6 years of age, Thompson score II-1l)
were cultured in micro-aggregates subjected to basal culture medium supplemented with 10
ng/mL TGF-B; (R&D Systems, 240-B-010) for one week, followed by hypertrophic induction
medium (consisting of hgDMEM+Glutamax, 1% P/S, 1% ITS+ premix, 0.1 mM Asap, 10° M
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dexamethasone, 10 mM B-glycerolphosphate (G9422, Sigma-Aldrich), and 1 nM 3,3’,5-
triiodo-L-thyronine (T3, T6397, Sigma-Aldrich)) for three weeks. Control micro-aggregates
only received basal culture medium with 10 ng/mL TGF-B; during the entire culture period.
To determine the most optimal hypertrophic CLC differentiation condition, micro-aggregates
were cultured in normoxia (21% 0,, 5% CO,, 37°C) and hypoxia (5% O,, 5% CO,, 37°C). PTHR1
and collagen type X IHC? (Table 1) and Alizarin Red S** staining were performed as described
previously.

With abovementioned setup, only prehypertrophic CLC differentiation was achieved and was
most outspoken in normoxia. Therefore, in a follow-up experiment, passage 2 canine CLCs
(same donors) and passage 3 human CLCs (5 male, 1 female, 44-72 years of age, Thompson
grade Ill) from degenerated IVDs were cultured in micro-aggregates at 21% O,, 5% CO,, 37°C.
Again, these human IVDs (L2-L5) were obtained during standard postmortem diagnostics <48
hours after death, as approved by the scientific committee of the Pathology department
(UMCU, Local Medical Ethical Committee number 12-364). The micro-aggregates were
subjected to basal culture medium supplemented with 10 ng/mL TGF-B; for one week,
followed by hypertrophic induction medium for six weeks. IHH (0.1 or 1 ug/mL) or PTHrP (10
8 or 107 M) was supplemented from culture week 4 onwards. Culture medium was changed
twice a week. With this second setup, hypertrophic induction medium alone did not induce
calcification. Therefore, in the last experiment the CLCs were cultured in monolayers, since
previous work indicated that calcium deposition could be induced in short-term CLC
monolayer cultures® .

The effect of IHH and PTHrP on calcification in CLC monolayers

Passage 2 CLCs from 4 canine donors (3 Beagles, 1 Cocker Spaniél, 2-6 years of age) were
plated at a density of 10,000 cells/well in 12-wells plates (665180, Greiner) in expansion
medium at 21% 0, 5% CO, 37°C. After one week, expansion medium was replaced by
hypertrophic induction medium supplemented with/without IHH or PTHrP. Trying to
facilitate hypertrophic CLC differentiation and calcification, CLCs from the same donors were
also seeded in osteogenic culture medium (consisting of hgDMEM+Glutamax, 10% FBS, 1%
P/S, 0.1 mM Asap, 10’ M dexamethasone and 10 mM B-glycerolphosphate)*? supplemented
with/without 1 pg/mL IHH or 107 M PTHrP. After 14 days, monolayers were fixed in 4%
neutral buffered formaldehyde for 2 hours. Alizarin Red S staining was performed as
described previously.

Statistical analysis

Statistical analysis was performed using IBM SPSS (version 22). All data were examined for
normal distribution (Shapiro Wilks test). Kruskal Wallis and Mann-Whitney U tests were
performed on non-normally distributed data, whereas general linear regression models
based on ANOVAs were used for normally distributed data. To find correlations between
protein immunopositivity and IVD degeneration score, partial correlations (corrected for
donor) were determined. Benjamini & Hochberg False Discovery Rate post-hoc corrections
for multiple comparisons were performed. A p-value <0.05 was considered significant. A Chi-
squared test was performed to determine whether calcium deposition (<1 and >1 intensity)
increased per histologic degeneration grade (<4, 4.1-7, and >7).
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Results

Expression of IHH and PTHrP during IVD maturation

To study the IVD maturation phase (defined by the NC to CLC transition), IHH, PTHrP, and
related receptor immunopositivity was studied in canine IVDs. Furthermore, IHH and PTHrP
signaling-related gene and protein expression was studied in NCs from canine IVDs that
dedifferentiated during monolayer culture®® and in murine caveolin-1 null NPs that
demonstrate accelerated IVD maturation compared with wild type (WT) mice**. Both models
are considered representative for the transition of NCs towards CLCs (maturation phase).

IHH and PTHrP immunopositivity in canine IVD maturation

Canines experience back pain and IVD degeneration with similar characteristics as humans
and are considered a suitable translational animal model*”*®. Dog breeds can be classified as
chondrodystrophic (CD) or non-chondrodystrophic (NCD)*. CD and NCD dogs demonstrate
distinct differences in clinical IVD disease which correlate with their physical appearance and
are defined by their genetic background. In CD dogs, NCs are replaced by CLCs around one
year of age and back pain due to IVD degeneration usually develops around 3-7 years of age.
In NCD dogs, NCs can remain the predominant cell type during life and if low back pain
develops, it occurs around 6-8 years of age®.

IHH- and PTHrP-related protein expression was determined in canine NPs from healthy,
Thompson®® score | until severely degenerated, Thompson score V IVDs (Figure 2).
Thompson score | IVDs were only available from NCD dogs, not CD dogs. To determine
potential changes in IHH- and PTHrP-related protein expression in the IVD maturation phase,
NC-containing NPs from healthy, Thompson score | IVDs were compared to NPs from
maturated, Thompson score 1l canine IVDs. In healthy, Thompson score | NPs, only NC cell
clusters were detected (Figure 2f). In maturated, Thompson score Il IVDs, mainly CLCs were
present; only one NCD canine NP also contained some NCs. Both cell phenotypes were
present in clusters and as single cells within the same NP.

Immunopositivity (ratio of positive cells) for IHH, PTCH, SMO, PTHrP, or PTHR1 was identified
in both single cells and clusters (where present). No clear pattern in spatial distribution was
detected; where immunopositive cells were present, they were scattered throughout the
NP. Immunopositivity for IHH, PTCH, and SMO was significantly higher in NP tissues from
healthy, Thompson score | NC-rich IVDs than in NP tissue from maturated, Thompson score Il
CLC-rich IVDs (p<0.05, Figure 2a-c), suggesting higher expression in NCs than CLCs. PTHrP
and PTHR1 immunopositivity did not differ between NPs from healthy and maturated canine
IVDs (Figure 2d-e).

Notably, PTHrP immunopositivity in healthy canine IVDs seems to depend on age: PTHrP was
detected in more than 10% of the NCs of 7- and 16-month-old canine donors, whereas this
was 0-5% in older (17 until 96-month-old) canine donors (Figure 2). This indicates that PTHrP
was present in NCs from young, healthy canine IVDs, but that its expression decreased
during ageing (in contrast to the expression of PTHR1, IHH, PTCH and SMO). To confirm this,
Thompson score | IVDs of younger canines (1 day - 6 weeks of age) were also investigated
together with human (21 weeks of gestation — 3 months of age) donors as comparators. The
canine NPs contained approximately 100% NCs, mainly present in clusters (Supplementary
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File 3). In contrast, the human NPs also contained, smaller fibroblast- and chondrocyte-like
cells in clusters and single cells, in addition to the typical NCs (Supplementary File 3). All
young canine donors showed abundant PTHrP immunopositivity in their NCs, with no clear
pattern in spatial distribution. In contrast, only 7 out of 12 young human donors showed
PTHrP immunopositivity in both NC and CLC clusters and single cells (no spatial distribution;
Supplementary File 3). Taken together, this indicates that PTHrP expression is present in
young, healthy NPs, but that its expression considerably decreases in older, healthy NPs, in
line with results obtained using equine chondrocytes®®
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Indian hedgehog, PTCH: Patched, SMO: Smoothened, PTHrP: Parathyroid hormone-related protein,
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IHH and PTHrP signaling-related gene expression during in vitro canine NC differentiation
IHH- and PTHrP signaling-related mRNA expression was studied in native (non-cultured) NCD
canine NC-rich NP tissue and 0-4 day cultured NC clusters (derived via digestion of healthy
NCD canine NP tissue). The NCs lose their typical phenotype and characteristics during
culture®, providing an in vitro model to study the IVD maturation phase. On the overall, the
MRNA expression pattern of both IHH and PTHrP-signaling related genes resembled the
protein expression pattern of maturing canine IVDs, i.e. reduced mRNA levels coincided with
the loss of the NC phenotype.
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Figure 3. IHH and PTHrP signaling-related mRNA expression in canine nucleus pulposus (NP) tissue and
cultured notochordal cell (NC) clusters. The NC clusters lose their typical vacuolated phenotype and
characteristics during 4-day monolayer culture. Therefore, this model is representative for the transition of NCs
towards CLCs (IVD maturation phase). mRNA expression of both the IHH and PTHrP signaling pathway
decreases with NC dedifferentiation. /HH: Indian hedgehog, PTCH: Patched, SMO: Smoothened, SHH: Sonic
hedgehog, PTHrP: Parathyroid hormone-related protein, PTHR1: PTHrP receptor. NCD: non-chondrodystrophic.
n=6 (NP tissue) — 8 (NC clusters). TO, T2, T4: NC clusters at culture day 0O, 2, and 4, respectively. *, **: p<0.05
and p<0.01, respectively. n.s.: not significant.
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IHH mRNA expression was significantly higher in NCD canine NP tissue than in 0-4 day
cultured NCs (p<0.05), where it was hardly detectable (Figure 3a). PTCH mRNA expression
was significantly lower in NCD NP tissue than in 0-4 day cultured NCs (p<0.01, Figure 3b).
SMO mRNA expression decreased from day O until day 2 and thereafter increased again, and
was significantly higher in 4-day cultured NCs than in NCD NP tissue (p<0.05, Figure 3c).
mRNA of transcription factor GL/1, target gene of IHH signaling, was hardly detectable at TO
and T2, and was not differentially expressed between groups (Figure 3d). GLI2 mRNA was
expressed at significantly higher levels in NCD NP tissue than in 0-4 day cultured NCs
(p<0.01), where it was hardly detectable (Figure 3e). mRNA expression of GLI3 was
significantly lower in NCD NP tissue than in 0-4 day cultured NCs (p<0.05, Figure 3f). SHH
MRNA expression was significantly higher in non-cultured NCs (culture day 0) and decreased
rapidly during culture (p<0.05, Figure 3g). Taken together, although PTCH and SMO mRNA
was expressed, mRNA of /HH, SHH (both hedgehog ligands) and their transcription factors
GLI1 and GLI2 was hardly detectable in canine NCs that lost their typical vacuolated
morphology during culture.

PTHrP mRNA expression was significantly higher in freshly isolated NCs than in native tissue
(p<0.05) and decreased rapidly during NC culture (p<0.05, Figure 3h). Also PTHRI mRNA
expression decreased from day 0 to day 2 and 4 in culture (p<0.01, Figure 3i). Furthermore,
it was significantly lower in 2- and 4-day cultured NCs than in NCD NP tissue (p<0.05).

IHH and PTHrP expression in murine caveolin-1 null and WT NPs

IHH- and PTHrP-related protein expression was further studied using immunohistochemistry
in NPs derived from 1.5-, 3-, and 6-month-old WT and caveolin-1 null mice to investigate
protein expression levels during the maturation phase. NP tissues of WT mice from all ages
contain large, vacuolated NCs. In contrast, 1.5-month-old caveolin-1-null NPs already contain
fewer, smaller, non-vacuolated CLCs, fibroblast-like cells and only some NCs (Figure 4f)**
while maintaining a GAG- and collagen type Il-rich matrix. As such, the caveolin-1 null NPs
provide an in vivo model for accelerated IVD maturation.

The murine immunopositivity profiles resembled the mRNA and protein profiles observed in
the canine NP samples. Caveolin-1 null mice displayed lower immunopositivity for IHH- and
PTHrP-related proteins than WT animals. The number of IHH immunopositive cells was
significantly higher in WT than in caveolin-1 null mice in all ages investigated (p<0.05, Figure
4a). Even more so, IHH immunopositivity decreased during ageing in both WT and caveolin
null NPs (p<0.05). Immunopositivity for the receptor of IHH (PTCH), also decreased during
ageing in WT mice (p<0.05), but not in caveolin-1 null mice (Figure 4b). However, at 1.5 and
3 months of age, more PTCH immunopositive cells were observed in WT mice than in
caveolin-1 null mice (p<0.05). At 1.5 months of age, SMO immunopositivity was significantly
higher in WT than in caveolin-1 null NPs (p<0.01), whereas SMO immunopositivity was not
different at 3 and 6 months of age (Figure 4c).
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Figure 4. IHH and PTHrP signaling-related immunopositivity in intervertebral discs of caveolin-1 null and wild
type mice at 1.5, 3, and 6 months of age. In murine caveolin-1 null NPs, the large, vacuolated NCs, are replaced
by smaller, non-vacuolated chondrocyte- and fibroblast-like cells. Thus, this model shows accelerated IVD
degeneration and is representative for the transition of NCs towards CLCs (IVD maturation phase). Protein
expression of both the IHH and PTHrP signaling pathway is decreased in caveolin-1 null versus WT mice IVDs.
IHH: Indian hedgehog, PTCH: Patched, SMO: Smoothened, PTHrP: Parathyroid hormone-related protein,
PTHR1: PTHrP receptor 1, WT: wild type. n=4-10 per age group and condition (WT or caveolin-1 null mice). a, b:
significantly different from WT (p<0.05, p<0.01, respectively); $: significantly different from all other conditions
(p<0.05); *, **, ¥**: p<0.05, p<0.01 and p<0.001, respectively.
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At 1.5 and 3 months of age, immunopositivity for PTHrP was significantly higher in WT than
in caveolin-1 null NPs (p<0.05) and increased during ageing in both WT and caveolin null NPs
(p<0.05, Figure 4d). Immunopositivity for the receptor of PTHrP, PTHR1, did not alter during
ageing in WT NPs, but significantly decreased with increasing age in caveolin-1 null NPs
(p<0.05, Figure 4e). PTHR1 immunopositivity was significantly higher in WT than in caveolin-
1 null NPs at 3 and 6 months of age (p<0.05).

IHH and PTHrP in human and canine IVD degeneration

Protein expression of IHH, PTHrP, and related receptors was studied throughout the IVD
degeneration process in both canines and humans. Furthermore, the correlation between
PTHrP and IHH (receptor) expression and calcification was determined in surgically removed
human NP samples across the range of histological IVD degeneration. Lastly, the effect of
IHH and PTHrP was determined on GAG production and calcification of canine CLCs in vitro.

IHH and PTHrP expression in canine IVD degeneration

To determine IHH- and PTHrP-related protein expression in the IVD degeneration phase, we
focus in this part of the manuscript on Thompson score II/lll (maturated) until Thompson
score V (severely degenerated) canine IVDs (Figure 2). Also correlations between protein
immunopositivity and macroscopic IVD degeneration grade were determined for (CLC-rich)
NPs from Thompson score II-V IVDs. In Thompson score IlI-V NPs, only CLCs were
encountered in single cells and clusters, with increased cluster numbers and sizes seen in
severely degenerated Thompson score V IVDs. Although the current study demonstrates
some differences in IHH-PTHrP (related) expression between CD and NCD dogs, which may
be related with their differential genetic background, the direction of the correlation
between protein expression and IVD degeneration grade was similar.

Immunopositivity for IHH was significantly higher in NPs from severely degenerated grade V
IVDs than in NPs from maturated - moderately degenerated grade II-IV IVDs (p<0.05, Figure
2a). CD dogs showed a significant, strong positive correlation between IHH immunopositivity
and macroscopic IVD degeneration grade (p<0.01, r:0.769), whereas NCD dogs did not. PTCH
immunopositivity was significantly higher in NPs from Thompson score IV-V IVDs than in NPs
from Thompson score lI-lll IVDs (p<0.05, Figure 2b). Only NCD dogs showed a positive
correlation between PTCH immunopositivity and macroscopic IVD degeneration grade
(Thompson score 1I-V, p<0.05, r:0.552), whereas only CD dogs showed a positive correlation
between SMO immunopositivity and macroscopic IVD degeneration grade (p<0.05, r:0.621).

PTHrP immunopositivity significantly increased during canine IVD degeneration (p<0.01,
Figure 2d). In both CD and NCD dogs, a positive correlation between PTHrP immunopositivity
and macroscopic IVD degeneration grade was observed (p<0.05, r:0.627 (CD) and p<0.01,
r:0.748 (NCD)). Immunopositivity for PTHR1 increased from NPs of maturated, Thompson
score |I-11l IVDs to severely degenerated, Thompson score V IVDs (p<0.05, figure 2e). Only CD
dogs showed a positive correlation between PTHR1 immunopositivity and macroscopic IVD
degeneration grade (p<0.01, r:0.696).
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IHH and PTHrP expression in human IVD degeneration

In NPs from healthy, Thompson score | human IVDs, mainly CLCs and only some NCs were
detected, mainly as single cells, but also in clusters (Figure 5g). In NPs from Thompson score
II-V IVDs, only CLCs were encountered in single cells and clusters. Again, correlations
between protein expression and IVD degeneration grade were only determined for CLC-rich
NPs from Thompson score [I-V IVDs. CLC clusters were more abundant and larger in NPs
from Thompson score IV and V IVDs. Immunopositivity, where present for all proteins, was
identified in both single cells and clusters without an evident spatial distribution pattern.

As expected, a strong, positive correlation was found between the macroscopic Thompson
and the histologic IVD degeneration score®® *! of the human samples (r:0.907, p<0.001;
Figure 5f). To be able to relate these results to the follow-up study (determining the
relationship between PTHrP/IHH immunopositivity and calcification in surgically removed
human NP samples), correlation are given in relation to the histological IVD degeneration
grade. A significant positive correlation between IHH, PTCH, SMO and PTHrP
immunopositivity and histologic IVD degeneration grade was encountered (p<0.05, r:0.679,
0.577, 0.502, and 0.848, respectively; Figure 5a-d). There was, however, no significant
correlation between PTHR1 immunopositivity and histologic IVD degeneration grade (Figure
Se).

PTHrP decreases chondrogenic matrix production, whereas IHH does not influence this in
canine CLCs

To further study the effect of IHH and PTHrP in the IVD degeneration phase, PTHrP or IHH
were supplemented to CD canine CLCs from maturated IVDs in vitro. IHH treatment
significantly induced mRNA expression of its target genes PTHrP and PTCH (p<0.05;
Supplementary File 4a,b). SMO mRNA expression was not significantly influenced by the
different treatments (data not shown), while PTHR1 and /HH mRNA was not detected in any
samples regardless the culture condition. PTHR1 immunopositivity was, however, present in
10® and 107 M PTHrP-treated micro-aggregates (Supplementary File 4c), indicating that
PTHrP exerted its effects via this receptor.

After 14 days of culture, the DNA content of 10’M PTHrP-treated micro-aggregates was
significantly decreased compared with controls (p<0.05; Supplementary File 5a) and
remained unaffected in the other culture conditions. IHH and PTHrP treatment did not
influence the GAG content of canine CLC micro-aggregates (Supplementary File 5b).
However, 107 and 10® M PTHrP treatment significantly decreased GAG release and
subsequently total GAG production compared with controls (p<0.05; Supplementary File
5c,d).
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Figure 5. IHH and PTHrP signaling-related immunopositivity in human intervertebral discs with different
degeneration grades. The samples were graded according to the macroscopic Thompson score and histologic
degeneration score. These scores strongly correlated with each other. Both signaling pathways are increasingly
activated with progress of degeneration. IHH: Indian hedgehog, PTCH: Patched, SMO: Smoothened, PTHrP:
Parathyroid hormone-related protein, PTHR1: PTHrP receptor 1. n=4-5 per Thompson score. *, ** ***: p<0.05,
p<0.01 and p<0.001, respectively.
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IHH and PTHrP in IVD calcification

Correlation between IHH and PTHrP expression and calcification

IHH and PTHrP have well-known effects on calcification of joint cartilage , Which can
also occur during the later stages of IVD degeneration® >3, To determine the association
between IHH/PTHrP-related protein expression and calcification, IHC for IHH, PTCH, SMO,
PTHrP and PTHR1 and Alizarin Red S staining were performed on surgically removed human
NP tissue across the range of histological IVD degeneration4°' 1 The morphological
assessment of the calcium staining intensity was divided in two groups (<1 and >1 staining
intensity; Figure 6a). The percentage of human NP tissue samples with high calcium
deposition significantly increased with the histologic IVD degeneration grade (Figure 6b;
p<0.05). Moreover, the number of cells with PTHR1 and IHH and immunopositivity was
significantly higher in the NP tissues associated with high calcium deposition (p<0.01; Figure
6c-d). In contrast, no difference in number of immunopositive cells for PTHrP (Figure 6c-d),
PTCH and SMO was observed between the NPs with low and high calcium deposition.

19-21, 26

Induction of hypertrophic CLC differentiation

To study the effect of PTHrP and IHH on hypertrophic CLC differentiation and calcification in
vitro, first hypertrophy was induced using methodology to induce hypertrophic
differentiation in mesenchymal stromal cells (MSC)*. Given that IVD cells maintain their disc
phenotype better in a 3D than 2D environment> *°, canine CLC micro-aggregates were
subjected to TGF-B;-supplemented basal culture medium for one week and subsequently to
hypertrophic induction medium for three weeks in hypoxia (5% O;) and normoxia (21% O5).
The latter was employed as an extra condition given that normoxia facilitated hypertrophic
differentiation of MSCs*. Immunopositivity for the prehypertrophic differentiation protein
PTHR1%*>” was not present in controls, and most abundant in micro-aggregates cultured in
hypertrophic induction medium in normoxia (Supplementary File 6a). Collagen type X was
not expressed in any samples (Supplementary File 6a) and Alizarin Red S staining did not
show calcifications (data not shown). Thus, with this setup, only prehypertrophic, but not
complete hypertrophic differentiation was achieved. Therefore, in follow-up experiments,
canine and human CLC micro-aggregates were subjected to TGF-B;-supplemented basal
culture medium for one week, followed by hypertrophic induction medium for six weeks,
while 0.1 or 1 ug/mL IHH or 10 or 107 M PTHrP was supplemented from week 4 onwards.
After 7 weeks, while PTHR1 was abundantly present in the hypertrophic culture conditions,
collagen type X was not deposited regardless the treatment group (data not shown) and
hypertrophic induction medium alone did not induce calcification (Supplementary File 6b). In
one out of six canine and in one out of six human CLC donors treated with hypertrophic
induction medium supplemented with 1pg/mL IHH, however, calcification was induced
(Supplementary File 6b).
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Figure 6. PTHrP, PTHR1, and IHH immunopositivity and calcium deposition in surgically removed human
nucleus pulposus tissue across the range of histological IVD degeneration. The degree of histologic IVD
degeneration was divided in three groups (<4, 4.1-7, and >7), while calcium deposition was divided in low (<1)
and high (21) intensity. (a) Alizarin Red S staining of representative samples with different calcium staining
intensity (0-3). (b) Calcium deposition increases with the degree of histologic IVD degeneration. n=133 (c)
PTHrP, PTHR1, and IHH immunopositivity (ratio) versus calcium deposition (low (1) and high (21) intensity).
Bars indicate median. n=30 (PTHrP, PTHR1) - 56 (IHH) (d) Alizarin Red S staining (AR; left) and
immunohistochemistry (IHC; right) for PTHrP, PTHR1, and IHH for representative human NP samples with low
(<1) and high (>1) calcium deposition. IHH: Indian hedgehog, PTHrP: Parathyroid hormone-related protein,
PTHR1: PTHrP receptor 1, **: p<0.01.
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IHH facilitates calcification in CLC monolayers, whereas PTHrP does not

Given the challenges we encountered during the induction of hypertrophy of CLCs in 3D
culture, we opted to investigate whether IHH augmented calcification in canine CLC
monolayer culture. Previous work indicated that short-term CLC monolayer culture enabled
calcium deposition®” *® and this may be explained by the fact that CLC need the stiffness of
culture plastic to differentiate®®. Interestingly, the canine CLCs seeded in osteogenic culture
medium did not thrive; they failed to attach to culture plastic and died within 24 hours.
Hypertrophic induction medium alone induced calcification in only one out of four canine
CLC donors (Figure 7). In the other three donors, IHH supplementation was required for the
development of calcified nodules. As expected, PTHrP supplementation did not influence
calcification compared with hypertrophic induction medium alone (data not shown).

Ca2* positive noduli

5 N * Donor 1
= = Donor 2
24 * * 4 Donor 3
5 * Donor 4
33
g
o 2 o n
=
3 1
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o e Alizarin Red S staining

a Hypertr  +1pg/mLIHH

Hypertrophic induction medium

+ 1 pug/mL IHH

Donor 3 Donor 2 Donor 1

Donor 4

o

Figure 7. Indian hedgehog facilitates calcification in chondrocyte-like cells in vitro. Alizarin Red S staining on
canine CLC monolayers treated with hypertrophic induction medium supplemented with/without 1 ug/mL IHH
for 7 days. (a) Number of Alizarin Red S positive nodules per well. (b) Alizarin Red S staining results for all
donors. IHH: Indian hedgehog. n=4

304



PTHrP and IHH in the IVD

Table 2. IHH, PTHrP and related receptor expression during IVD maturation and

degeneration

Model IHH PTCH SMO PTHrP PTHR1
IHC on canine NP tissue N N NS +/- +/-
Canine NC dedifferentiation N +/- +/- J J
Caveolin-1 null mice N N2 N 2 N
IHC on canine NP tissue ™ | ™ ™ ™
IHC on human NP tissue P 4P P P +/-

IHH, PTHrP and related receptor expression was studied during intervertebral disc (IVD) maturation (the
transition from vacuolated notochordal cells (NCs) to chondrocyte-like cells (CLCs)) using three different
models. IHH- and PTHrP-related protein expression was determined using immunohistochemistry in nucleus
pulposus (NP) tissue from healthy (Thompson score 1) until maturated (Thompson score 1l) canine IVDs and in
murine wild type (WT) and caveolin-1 null NPs. Caveolin-1 null IVDs undergo accelerated maturation.
Additionally, IHH- and PTHrP-related mRNA expression was studied in NCs from healthy canine IVDs that
dedifferentiated and lost their typical vacuolated phenotype and characteristics during monolayer culture.
Additionally, IHH, PTHrP and related receptor expression was studied during IVD degeneration using
immunohistochemistry in NPs from maturated (Thompson score Il) until severely (Thompson score V)
degenerated canine and human IVDs. *: only in NCD dogs, 5, only in CD dogs, +/-: not significantly affected.

Discussion

Treatment strategies leading to functional IVD restoration can benefit from in depth
knowledge of the pathways involved in IVD degeneration. Therefore, this study focused on
the largely unexplored role of PTHrP and IHH in the postnatal IVD that can suffer from
clinical IVD disease. The current manuscript provides a first step towards a better
understanding of the possible role of PTHrP and IHH in IVD (patho)physiology.

IHH and PTHrP expression decreases during IVD maturation

To study IHH- and PTHrP-related mRNA and protein expression during NC towards CLC
transition (IVD maturation), NC-rich healthy and CLC-rich maturated canine IVDs, canine NCs
that lost their specific phenotype and characteristics during monolayer culture®, and
caveolin-1 null NPs demonstrating accelerated IVD maturation®® were studied. The results
from all three models indicate that the expression of IHH, PTHrP and their receptors was
high in healthy, NC-containing NPs, but decreased with the transition towards maturated,
CLC-containing NPs. Whether the observed changes in expression are a cause or
consequence of the maturation process, play a role in preservation of NCs, or are related to
NP differentiation remains to be determined with the aid of antagonists or functional
knockout/in models.

IHH and PTHrP expression increases from maturated towards severely degenerated IVDs

The current study demonstrates that PTHR1 immunopositivity increased from maturated to
severely degenerated canine, but not human IVDs, possibly due to species differences. It
can, however, not be excluded that the different decalcification procedures may have
affected the results™. Nonetheless, IHH, PTCH, and PTHrP expression increased during the
IVD degeneration process in both species. This result is in line with the positive correlation
between IHH expression and OA™??, a process resembling IVD degeneration®. The results

305




Chapter 11

from the current study may indicate that IHH and PTHrP induce/facilitate IVD degeneration,
or reflect an attempt of repair. Therefore, functional in vitro studies were performed to
elucidate the role of increased PTHrP and IHH expression in degenerated 1VDs.

PTHrP, but not IHH, decreases GAG production by CLCs

NP cell cluster formation (associated with cell proliferation®) is most marked in degenerated
IVDs®. This could imply that increased IHH and PTHrP expression in the degenerated IVD
promotes CLC proliferation (e.g. as an attempt at matrix repair), in line with their well-
known effect on chondrocyteslz. Moreover, IHH also increased GAG production in
chondrocytes® ® and PTHrP increased the GAG and DNA content of chondrogenically
differentiated MSC pellets®® ®*. Lastly, PTH treatment increased ACAN and COL2A1
expression in NC-rich rat IVDs®. To test this hypothesis, the effect of IHH and PTHrP on CLC
chondrogenic ECM production was determined in vitro. Neither IHH nor PTHrP, however,
increased the DNA content of the canine CLC micro-aggregates. Additionally, GAG
production was not influenced by IHH, whereas it was decreased by PTHrP. This indicates
that the effects of IHH and PTHrP are tissue and context dependent. Previous work
demonstrates that an anabolic response is induced during canine IVD maturation®. PTHrP
expression is low in this anabolic maturation phase and increases during the later stages of
IVD degeneration, where the GAG content of the NP decreases™ . Thus, this further
supports the notion that PTHrP may negatively affect GAG production in degenerated CLCs.

Calcium levels increase in the human NP during IVD degeneration

Based on their well described role in chondrocytesl9'21’ %6 |HH and PTHrP could be involved
in hypertrophic CLC differentiation and calcification, processes that are known to occur
during the later stages of IVD degeneration®>*3. The current study confirmed a positive
correlation between human NP calcification levels and IVD degeneration grade. A significant,
positive correlation between IHH immunopositivity and calcification was detected in human
NP tissue. In line with this, previous work displayed a significant association between those
two in OA sampleslg'n. PTHR1 immunopositivity was also significantly higher in NPs with
abundant calcification versus those with no/low calcification, which can be explained by the
cellular phenotype: PTHR1 is mainly expressed in prehypertrophic cells>® and calcium is most
likely deposited in severely degenerated IVDs™ > *? with (pre)hypertrophically differentiated
CLCs. PTHrP immunopositivity was not upregulated in NPs with abundant calcification.
Previous work showed that PTHrP inhibits calcification in chondrocytes %% Moreover, PTH
inhibits terminal differentiation of chondrocytes?’ and calcification in CLCs*2. Assuming that
PTHrP indeed inhibits the IVD calcification process, the absence of PTHrP upregulation in
later stages of degeneration may allow for NP calcification in the process of degeneration.

IHH induces calcification in CLCs, while PTHrP does not influence this

In contrast to PTHrP, IHH is known to promote chondrocyte hypertrophy and calcification in
OA™2!. To our knowledge, this is the first study to demonstrate that IHH also has the
propensity to induce calcification in CLCs from degenerated IVDs in vitro. Interestingly,
collagen type X was not detected, suggesting that calcification can occur without
simultaneous collagen type X expression or hypertrophic differentiation, as shown
previously®” ®. Together with the increased IHH expression in IVDs with high levels of
calcium, this may suggest a possible role for IHH in calcification during IVD degeneration. In
line with this thought, disrupted IHH signaling prevented hypertrophic chondrocyte
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differentiation and osteophyte formation in OA cartilage® **. Possibly, this could also be a

therapeutic approach to prevent or retard these processes during IVD degeneration.

Conclusions

Expression of IHH, PTHrP and their receptors was high in NCs from young, healthy IVDs,
decreased during the transition towards maturated IVDs, and increased again in the
advanced stages of IVD degeneration. In vitro studies indicated that PTHrP decreased
chondrogenic matrix production in CLCs from degenerated IVDs in vitro, whereas IHH did not
influence this. While PTHrP did not induce hypertrophic differentiation, IHH had the
propensity to facilitate calcification in canine CLCs in vitro. Taken together with the increased
IHH expression in IVDs with high levels of calcium deposition, this may indicate that
inhibition of IHH signaling could be a therapeutic approach to inhibit CLC calcification in
IVD degeneration.
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Supplementary File 1. Canine and human IVD donors for immunohistochemistry

Canine IVD donors for IHH-PTHrP-related IHC

Dog number IVD level Age CD/NCD Breed
(months)

Thompson score |

1 T12/T13 16 NCD Flatcoated retriever

2 T11/T12 7 NCD Mongrel

3 T12/T13 36 NCD Kerry beagle

4 L7/51 36 NCD Kerry beagle

5 L5/L6 96 NCD Kerry beagle

3 L4/L5 36 NCD Kerry beagle

2 T13/L1 16 NCD Mongrel

6 L4/L5 17 NCD Mongrel
Thompson score Il

7 L7/S1 25 ()] Beagle

2 L4/L5 16 NCD Mongrel

8 L6/L7 28 ()] Beagle

9 L4/L5 84 NCD Foxhound

10 L3/L4 25 cD Beagle

9 L5/L6 84 NCD Foxhound

L3/L4 25 CcD Beagle

Thompson score Il

11 L7/S1 117 Ccb Beagle

11 L6/L7 117 cDb Beagle

9 T13/L1 84 NCD Foxhound

12 T12/T13 120 NCD Foxhound

12 L2/L3 120 NCD Foxhound

7 T13/L1 25 CcD Beagle

12 T13/L1 120 NCD Foxhound

13 L7/s1 142 NCD Bouvier
Thompson score IV

9 L7/s1 84 NCD Foxhound

14 L2/L3 120 cD Beagle

15 L7/S1 108 NCD Foxhound

14 T13/L1 120 cD Beagle

12 T11/T12 120 NCD Foxhound

14 L7/S1 120 cb Beagle

14 L1/L2 120 cD Beagle
Thompson score V

14 L5/L6 120 cD Beagle

14 T11/T12 120 cb Beagle

14 T12/T13 120 cb Beagle

16 L7/s1 192 CcD Welsh Terriér

16 L1/L2 192 cb Welsh Terriér

14 L4/L5 120 cD Beagle

16 T11/T12 192 cb Welsh Terriér

PTHrP and IHH in the IVD
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Human IVD donors for IHH/PTHrP-related IHC (level L3-L4)

Number Age (years) Gender Histologic score
Thompson score |

1 17 Male 0
2 21 Female 0
3 14 Female 1
4 14 Male 0
5 18 Female 3
Thompson score Il

6 63 Male 4
7 35 Male 3
8 50 Female 2
9 39 Male 2
Thompson score Il

10 73 Female 5
11 80 Female 3
12 46 Female 3
13 59 Female 4
Thompson score IV

14 88 Female 10
15 73 Female 7
16 84 Male 11
17 70 Female 8
18 77 Male 10
Thompson score V

19 62 Female 10
20 59 Male 10
21 71 Male 9
22 88 Female 9
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Human NP tissue donors for Alizarin Red and IHH/PTHrP-related IHC

Number Source Age IVD Level Histological Classification Alizarin Red IHC

Grade

1 Surgical 42 L4/L5 3 Non-degenerate v v
2 Surgical 40 L5/51 3.9 Non-degenerate 4
3 Surgical 25 L4/L5 4.8 Degenerate v
4 Surgical 50 L4/L5 4 Non-degenerate v
5 Surgical 33 L5/S1 9 Degenerate v
7 Surgical 47 Cc6/C7 5 Degenerate v
8 Surgical 70 L4/L5 7.5 Degenerate v
9 Surgical 32 L5/S1 5 Degenerate v
15 Surgical 34 L4/L5 7.5 Degenerate v
19 Surgical 36 L5/51 9 Degenerate 4
24 Surgical 35 L4/L5 2 Non-degenerate v v
27 Surgical 73 L4/L5 4.7 Degenerate v
30 Postmortem 45 L5/51 2 Non-degenerate 4 4
31 Postmortem 45 L3/L4 1 Non-degenerate 4 v
32 Postmortem 45 L3/L4 4 Non-degenerate 4 4
33 Surgical 48 L4/L5 8 Degenerate v
36 Surgical 33 L5/S1 9 Degenerate v
37 Postmortem 74 L5/S1 3 Non-degenerate 4
38 Postmortem 74 L4/L5 5 Degenerate 4 4
39 Postmortem 74 L3/L4 11.5 Degenerate 4 4
40 Postmortem 74 L2/L3 11 Degenerate 4 4
44 Surgical 42 L5/51 2 Non-degenerate v v
45 Surgical 36 L5/S1 8 Degenerate v
46 Surgical 41 L5/S1 8.5 Degenerate v
52 Surgical L4/L5 9 Degenerate 4
53 Surgical 38 L5/S1 7 Degenerate v
55 Surgical L5/51 6 Degenerate v
56 Surgical 43 L5/S1 8 Degenerate v
57 Surgical 44 L5/S1 9 Degenerate v
60 Surgical 38 L5/s1 6 Degenerate v
63 Surgical 42 L5/S1 5 Degenerate v
65 Surgical 43 L4/L5 10 Degenerate v v
66 Surgical 62 L3/L4 10 Degenerate v
67 Surgical 39 L4/L5 5 Degenerate v
68 Surgical 62 L4/L5 9 Degenerate v
69 Surgical 37 L5/S1 8.5 Degenerate v
70 Surgical 39 L5/S1 7.5 Degenerate v
71 Surgical 42 L5/S1 3 Non-degenerate v
72 Surgical C5/C6 9.5 Degenerate 4
74 Surgical L4/L5 7.5 Degenerate v
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75 Surgical 40 L3/L4 11 Degenerate v v
78 Surgical 54 Cc3/ca 10 Degenerate 4
80 Surgical 33 L5/51 5 Degenerate v v
84 Surgical 38 C6/C7 5 Degenerate v
85 Surgical 85 L2/L3 8 Degenerate 4
86 Surgical 40 L5/S1 9 Degenerate v
89 Surgical 21 L5/51 4 Non-degenerate v v
90 11 Degenerate 4 4
93 Surgical 38 L5/51 12 Degenerate v v
95 Surgical 38 L5/S1 6 Degenerate v
97 Surgical 46 L5/51 10 Degenerate 4
100 Surgical 43 L5/S1 7 Degenerate v
101 Surgical 54 C5/Cé 4.5 Degenerate v
103 Surgical 45 C5/Cé 9.5 Degenerate v
104 Surgical 33 L5/S1 5.5 Degenerate v
109 Surgical 29 L4/L5 7 Degenerate v
110 Surgical 24 L3/L4 3 Non-degenerate v
111 Surgical 68 L4/L5 8 Degenerate v
112 Surgical 42 L5/s1 11 Degenerate v v
118 Surgical 27 L4/L5 8 Degenerate v
121 Surgical 27 L4/L5 3 Non-degenerate v
122 Surgical 29 L4/L5 v
124 Surgical 40 L4/L5 3.5 Non-degenerate v v
127 Surgical 27 L5/S1 4 Non-degenerate v
133 Surgical 35 L4/L5 7 Degenerate v
134 Surgical 54 C5/Cé 9 Degenerate v
136 Surgical 33 L4/L5 v
144 Surgical 37 L5/51 9 Degenerate v
145 Surgical 38 L4/L5 11 Degenerate v v
146 Surgical 47 L5/S1 7 Degenerate v
154 Surgical 52 L4/L5 11 Degenerate v
157 Surgical 31 L5/S1 5 Degenerate v
159 Surgical 39 L4/L5 9 Degenerate v
161 Surgical 39 C6/C7 7 Degenerate v
170 Surgical L5/51 10 Degenerate v v
174 Surgical 29 L5/51 6 Degenerate v
175 Surgical 37 L5/S1 7 Degenerate 4
177 Surgical 51 L4/L5 2 Non-degenerate v v
179 Surgical 79 c4/cs 4 Non-degenerate v v
184 Surgical 49 L4/L5 5 Degenerate 4
192 Surgical 29 L5/S1 8 Degenerate v
194 Surgical 35 L4/L5 11 Degenerate v
197 Surgical 42 L4/L5 8 Degenerate v
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203 Surgical 45 L5/S1 4 Non-degenerate 4
207 Surgical 38 L5/S1 8 Degenerate v
225 Surgical 36 L5/51 10 Degenerate v
228 Surgical 7 Degenerate v
229 Surgical 56 L4/L5 6 Degenerate v
230 Surgical 56 L5/51 8.5 Degenerate v
231 Surgical 56 L4/L5 5 Degenerate 4
232 Surgical 58 L5/S1 8 Degenerate v
233 Surgical 44 L5/51 10 Degenerate v
234 Surgical 54 L5/51 9 Degenerate 4
243 Surgical 28 L4/L5 6 Degenerate v
244 Surgical 43 L4/L5 4 Non-degenerate v
245 Surgical 80 L4/L5 4 Non-degenerate v
253 Surgical 63 C5/Cé 4 Non-degenerate v
254 Surgical 47 L4/L5 6 Degenerate v
257 Surgical 46 L5/S1 3 Non-degenerate v
263 9 Degenerate v
264 Surgical 65 C3/C5 6 Degenerate v
266 Surgical 27 L5/S1 4 Non-degenerate v
272 Surgical 26 L5/S1 4.5 Degenerate v
276 Surgical 71 C5/C6 6 Degenerate v
288 Surgical 73 C6/C7 5 Degenerate v
292 Surgical 23 L2/L3 4 Non-degenerate v
310 Surgical 37 L4/L5 5 Degenerate v
319 Surgical 47 L5/S1 5 Degenerate v
320 Surgical 68 L4/L5 4 Non-degenerate v
322 Surgical 48 L4/L5 5 Degenerate v
321 Surgical 22 L4/L5 4 Non-degenerate v
328 Surgical 38 L5/S1 6 Degenerate v
329 Surgical 48 L5/51 5 Degenerate v
330 Surgical 32 L5/S1 5.5 Degenerate v
332 Surgical 24 L5/S1 10 Degenerate v
336 Surgical 40 L5/51 7 Degenerate v
337 Surgical 24 L5/S1 7 Degenerate v
338 Surgical 29 L5/51 8 Degenerate v
340 Surgical 42 L5/S1 7 Degenerate v
342 Surgical 18 L4/L5 6 Degenerate v
346 Surgical 46 C5/C6 6 Degenerate v
348 Surgical 67 ca/cs 9 Degenerate v
350 Surgical 38 L4/L5 9 Degenerate v
352 Surgical 82 L4/L5 8 Degenerate v
355 Surgical 33 L4/L5 5 Degenerate v
356 Surgical 26 L5/S1 4 Non-degenerate v
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357 Surgical 53 L4/L5 4 Non-degenerate v
360 Surgical 50 Cc6 5.5 Degenerate 4
374 Surgical 37 L4/L5 4 Non-degenerate v
375 Surgical 41 L5/S1 6 Degenerate v
379 Postmortem 33 L3/L4 5 Degenerate 4
384 Surgical 47 L5/S1 5 Degenerate v
388 Surgical 54 C6/C7 6 Degenerate v

v': only used for IHH IHC
v": used for PTHrP, PTHR1, IHH, SMO, and PTCH IHC
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Supplementary File 2. Primers used for quantitative PCR

Primers used for quantitative PCR of canine samples

PTHrP and IHH in the IVD

Genes

Forward sequence 5’ - 3’

Reverse sequence 5’ - 3’

Amplicon size

Reference genes

GAPDH TGTCCCCACCCCCAATGTATC CTCCGATGCCTGCTTCACTACCTT 100
HPRT AGCTTGCTGGTGAAAAGGAC  TTATAGTCAAGGGCATATCC 104
RPS19 CCTTCCTCAAAAAGTCTGGG GTTCTCATCGTAGGGAGCAAG 95
SDHA GCCTTGGATCTCTTGATGGA TTCTTGGCTCTTATGCGATG 92
Target genes

GLI1 TCAAGGCTCAGTACATGCTG ATGGCTTCTCATTGGAGTGG 240
GLI2 CACGCTCTGGGAAATGAGG CGGGCATCAGCAACATG 145
GLI3 CCAGCAGGAACAGCCAG GAACTCCTTCTTCTCGCCG 190
IHH TCACCACTCAGAGGAGTCG GTGCTCAGACTTGACGGAG 172
PTCH CCTCCTCATATTTGGGGC CACCTTCTTCTTTCGGGG 158
PTHrP GTGTTCCTGCTGAGCTACTCG  ATGGGTGGTCGCCTTCTA 451
PTHR1 GACCACATCCTTTGCTGG CAAACACCTCCCGTTCAC 217
SHH CAGTGGAAGATACGAAGGGA TTGTCCTTGCACCTCTGAG 140
SMO CTATGTGCTGTGCCAG ATCACTCTGCCCAGTC 214
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Supplementary File 3. PTHrP protein expression in young canine and human nucleus
pulposus tissue

Canme donor (1 day of age) Canlne donor (6 weeks of age)

o 16 5
SO
S e

PTHrP IHC

e o - / e b X

N S/ 50 um iy >, 100 pm / 50um
Human donor (3 months of age) Human donor (21 weeks gestation)

PTHrP: Parathyroid hormone-related protein. n=8 (canine), 12 (human). Human NP tissue with some PTHrP
expression is shown in the lower left panel, whereas the lower right picture shows human NP tissue not
expressing PTHrP. In every panel, the right picture is a two times magnified version of the left picture.
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Supplementary File 4. The effect of IHH and PTHrP on canine CLC gene expression in vitro

PTCH PTHR1

PTHrP

*

n-fold change
w
S

n-fold change

107 M PTHrP

Gene expression levels of canine CLC micro-aggregates cultured for 24 hours in basal culture medium (control),
supplemented with/without 0.1 or 1 ug/mL IHH or 10 or 107 M PTHrP in hypoxia (5% O,). Relative PTHrP (a)
and PTCH (b) gene expression (mean + SD) of the micro-aggregates. Control micro-aggregates were set at 1. *:
p<0.05. n=6. IHH: Indian hedgehog; PTHrP: Parathyroid hormone-related protein; GAG: glycosaminoglycan. n.s.:
not significant. (c) PTHR1 immunopositivity in 14-day 10® and 10”M PTHrP-treated canine CLC micro-
aggregates. IHH: Indian hedgehog; PTHrP: Parathyroid hormone-related protein, PTHR1: PTHrP receptor, PTCH:

patched.
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Supplementary File 5. The effect of IHH and PTHrP on GAG production of canine CLCs in

vitro
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DNA content, GAG content and release (mean + SD) and histological evaluation of canine CLC micro-aggregates
treated with basal culture medium (control), supplemented with 10® or 107 M PTHrP or 0.1 or 1 pg/mL IHH for
14 days in hypoxia (5% O,). DNA content (a), GAG content (b), GAG release (c), total GAG production (d) and
representative histological images of the Safranin O/Fast Green staining. *: p<0.05. n=6 (in duplo). IHH: Indian
hedgehog; PTHrP: Parathyroid hormone-related protein; GAG: glycosaminoglycan. n.s.: not significant. Scale
bar represents 50 um.
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Supplementary File 6. The effect of IHH and PTHrP on hypertrophic CLC differentiation in
vitro
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(a) Normoxia facilitates hypertrophic CLC differentiation compared with hypoxia. PTHR1 and collagen type X
expression in canine CLC micro-aggregates that were cultured for 4 weeks in basal culture medium
supplemented with 10 ng/mL TGF-B; (control) or micro-aggregates that were cultured for 1 week in basal
culture medium with 10 ng/mL TGF-B,, followed by a 3-week culture in hypertrophic induction medium. HX:
hypoxia, NX: normoxia. n=6. (b) IHH facilitates calcification. Alizarin Red S staining of canine and human CLC
micro-aggregates cultured for 1 week in basal culture medium with 10 ng/mL TGF-B,, followed by a 6-week
culture in hypertrophic induction medium (hypertrophic). 0.1 or 1 pg/mL IHH and 10*M or 107 M PTHrP were
supplemented after 4 weeks of culture. n=6; IHH: Indian hedgehog; PTHrP: Parathyroid hormone-related
protein.
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Chapter 12

Back pain due to intervertebral disc (IVD) degeneration (IVD disease) is a major health
problem in both humans and dogsl'4. Current treatments are only symptomatic, and
therefore, regenerative treatment strategies, aiming to biologically repair the IVD at an
earlier stage, are emerging. Research in the field of regenerative medicine increases the
understanding of disease processes. Outcomes may ultimately be translated into minimally
invasive therapeutic interventions for both veterinary and human patients according to the
‘One Health’ principle. There are indications that at least in the dog, IVD degeneration starts
in the nucleus pulposus (NP). Therefore, the studies described in this thesis investigated
new strategies to regenerate the NP, as a treatment for human and canine IVD
degeneration, by focusing on developmental biology. Results, challenges, and future
perspectives are discussed below.

Notochordal cell-based treatment strategies

Loss of the notochordal cell (NC) population in the NP is associated with the development of
IVD degeneration, indicating that NCs may play an important role in maintaining healthy NP
tissue®. Work performed by others indeed indicates that NCs secrete bioactive factors with
regenerative potential when used to treat NP-derived chondrocyte-like cells (CLCs)’ ™ and
mesenchymal stromal cells (MSCs)** **2°. The work described in this thesis not only confirms
these findings, but also adds new insights to the field. We were the first to compare the
regenerative potential of NC-conditioned medium (NCCM) from different (human, canine,
porcine) species (Chapter 2), and found that the NC-secreted bioactive factors exert cross-
species effects. The regenerative effect of porcine and canine NCCM, however, appeared
more potent than that of human NCCM. In addition, based on ethical considerations and the
fact that healthy canine and especially porcine NP tissue is more easily obtained than heathy
human NP tissue, we mainly concentrated on canine and porcine NC-rich NP tissue in follow-
up studies.

In our second NCCM-based study, we performed mass spectrometry to identify the bioactive
components secreted by NCs (Chapter 3), but mainly identified extracellular matrix (ECM)-
related proteins and no growth factors. This is in contrast with previous studies that were
able to detect specific (growth) factors™® 122 Most of these studies, however, generated
NCCM from isolated NCs, whereas we employed whole NC-rich NP tissue. Potential growth
factors may therefore be overshadowed by large quantities of ECM-related proteins. For
futures studies, it is therefore recommended to first fractionate NCCM (thereby separating
large ECM proteins such as proteoglycans (+ 220 kDa) from smaller growth factors (30-50
kDa)) and thereafter perform mass spectrometry on the obtained fractions. Besides ECM-
related proteins, we also identified membrane bound vesicle proteins, indicating that
extracellular vesicles (EVs) might be present in NCCM. By carrying bioactive molecules, EVs
serve in intracellular signaling and can be involved in tissue regeneration®>. We were the first
to show that NCCM indeed contains EVs that exert regenerative effects on canine and
human CLCs (Chapter 4). As a future perspective, the regenerative potential of NC-derived
EVs versus CLC-derived EVs should be compared to gain more fundamental knowledge on
the IVD degeneration process. Besides, the role of EVs as carriers need to be elucidated to
fully exploit their regenerative potential. The next recommended step is the identification of
the bioactive substances which are transported with the EVs. First, these factors and the
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subsets of EVs that contain them should be identified (e.g. using lipidomics, mass
spectrometry and/or RNA sequencing). Thereafter, the EV subsets of interest or the
recombinantly synthesized variant of identified factors could be used to perform functional
in vivo studies.

Phenotypically, NCs contain large, membrane-bound cytoplasmic vesicles’®. These
cytoplasmic vesicles are generated by post-Golgi trafficking pathways: cargo is synthesized
within the endoplasmic reticulum (ER) and transported into the Golgi apparatus, after which
the cargo is sorted and delivered to endosomes and finally lysosomes, or routed into
secretory granules or plasma membrane for release® . Indeed, NC cytoplasmic vesicles are
lysosome-related organelles failing to vacuolate when ER to Golgi transport is blocked?’. In
Chapter 4 of this thesis, we show that EVs are abundantly secreted by NCs. Since EVs are
also membrane-bound and can also have an endosomal origin®®, they could well be related
to the vacuoles. The sorting mechanism through which cargo is transported into vacuoles
rather than lysosomes as well as the content of the NC vacuoles are still unclear?. The
vacuoles are electron-lucent and stain negative for eosin, Periodic Acid-Schiff, Oil Red O, and
Alcian Blue, suggesting that they could contain water?” 3! and are possibly involved in
osmoregulation®'. Since NC vacuoles are versatile organelles in the embryonic notochord
and postnatal NP, they might also be involved in the NC-mediated regenerative effects. In
line with this, during IVD maturation, vacuolated NCs are replaced by non-vacuolated CLCs**.
Assuming that the NC vacuoles indeed have regenerative potential, the absence of vacuoles
in CLCs may explain their lower regenerative potential. Taken together, studying the NC
vacuoles may provide novel information, possibly enabling guidance for NC-based IVD
regeneration. For this reason, future studies should elucidate the content and the specific
role of the NC vacuoles. Lastly, it would be worthwhile studying the exact relationship
between the EVs and vacuoles of NCs.

Chapters 2-4 demonstrate the challenges in identifying and isolating NC-secreted bioactive
factors. A more straightforward approach for IVD regeneration was investigated by applying
whole NC-derived matrix (NCM) derived from healthy porcine NPs (Chapter 5). NCM (10
mg/mL) demonstrated a promising regenerative potential in vitro and in vivo. We can only
hypothesize what the mechanism of action of NCM is. Presumably, the ECM present in NCM
provides a beneficial niche for the CLCs, enabling them to proliferate and produce healthy
ECM themselves. Besides, NCM may serve as ‘instructive matrix’, locally releasing growth
factors, similarly as cartilage oligomeric matrix protein (COMP)**** or demineralized bone
matrix (DBM)****. Because of the high ECM concentration of NCM (about five times higher
than NCCM), it should first be fractionated to be able to identify growth factors and/or EVs if
present. A different approach would be to culture CLCs or IVD explants in NCM and
determine (phosphorylated) proteins that are up- or down-regulated in the NCM-treated
cells/tissue, respectively. In this way, clues for signalling pathways that are activated by NCM
can be obtained. Besides identifying the working mechanism of NCM, higher concentrations
could be tested and, if feasible, intradiscally applied in hydrogels, thereby reducing the
change of leakage. Follow-up ex vivo (whole organ IVD spinal units in bioreactors) or in vivo
studies (in animal models) should focus on dose finding and subsequent translation from
bench-to-bedside, e.g. by using veterinary patients suffering from spontaneously developed
clinical IVD disease. Safety aspects including methods to remove nucleic acids from NCM
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without affecting its biologic activity should be optimized before NCM can be applied
clinically in human and veterinary patients.

Stem cell-based treatment strategies

MSCs are an emerging target for regenerative medicine, since they can easily be isolated
from a variety of tissues, can differentiate into different cell types, have immunosuppressive
properties, and secrete trophic factors>®%. The effect of canine MSCs was tested on canine
CLCs in Chapter 7 and on degenerated canine IVDs in Chapter 5. In both the in vitro (28 days)
and the in vivo (six months) study, however, the MSCs did not exert beneficial effects. These
results are in contrast with previous in vitro®> *® and in vivo*™*® studies and might be due to
the heterogeneity of the MSC population®. Previous work indicated that the percentage of
senescent MSCs increased linearly with culture time in all tested canine breeds®.
Additionally, canine MSCs were not always able to chondrogenically differentiate, with
differentiation potential differences between breeds®. Taken together, the studies
described in this thesis show that the quality of MSC-based treatment strategies is not easily
guaranteed in veterinary medicine. Therefore, future studies are warranted to optimize
conditions that enable survival and differentiation of canine MSCs.

A better alternative to bone marrow-derived MSCs could be the tissue specific progenitor
cells. Local Tie2 expressing NP progenitor cells (NPPCs) were first described in humans and
mice, and later in bovines”’, indicating that they are preserved throughout species. Tie2"
NP cells possess superior ECM production, self-renewal, multipotent differentiation and
proliferation capacity*. The young, healthy NP itself may thus represent a niche of precursor
cells for IVD regeneration superior to MSCs. Preliminary work in collaboration with the
research group of Daisuke Sakai (Tokyo, Japan) has demonstrated that Tie2+ cells are
present in fetal-young human, canine and porcine NPs (Figure 1). Future studies should
explore the presence of NPPCs in different canine species (chondrodystrophic and non-
chondrodystrophic dogs) in health and IVD disease. Besides, it should be determined
whether NPPCs exert regenerative effects in NPPC:CLC co-cultures or by applying
conditioned medium generated from NPPCs. If a pronounced regenerative effect of NPPCs is
detected in vitro, it could be investigated whether intradiscal NPPC delivery is also able to
induce regenerative effects in species suffering from clinical IVD disease in vivo. A challenge
for the clinical use of NPPCs, however, is their yield, since the NPPC population decreases
with IVD ageing and degeneration®. Since both NCs and NPPCs are lost with degeneration,
there may be an instructive role of either NCs on NPPCs or vice versa. In this respect, the
instructive roles of NC-derived and NPPC-derived bioactive factors should be investigated.
Furthermore, since NPPC expansion seems inevitable to obtain sufficient numbers for
intradiscal injection, it should be elucidated whether NPPCs from species with clinical IVD
disease lose their characteristics during expansion and which conditions best preserve their
progenitor criteria. In this respect, it has already been demonstrated that addition of FGF2
and hypoxia preserved bovine NPPCs in monolayer culture for 7 days®*’.
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Figure 1. Tie2 expression in nucleus pulposus tissue from young human (20 weeks of pregnancy—3 months
postnatal, n=15), canine (stillborn, n=11) and porcine (1.5 months postnatal, n=9) donors. The percentage of
Tie2 positive cells is significantly higher in young porcine than the percentages found in young human and
canine nucleus pulposus tissue. Tie2 immunopositivity (present in the cell membrane) varies considerably in
young human (0-57%) and canine (0-83%) donors, but less in young porcine (66-93%) donors. The upper and
lower picture represent the nucleus pulposus of two donor examples per species. Bars represent 50 pum.
(Positive) cell numbers were manually counted in each NP using Photoshop CC and the percentage of Tie2
positive cells was calculated per donor. **: p<0.01, ***: p<0.001.

Growth factor-based treatment strategies

Besides cell-based therapies, regenerative medicine also focuses on the use of growth
factors to stimulate cell proliferation and/or healthy ECM synthesis. The studies described in
Chapter 6 tested bone morphogenetic protein-7 (BMP7) (which has previously been shown
to stimulate ECM production in IVD cells in vitro®® *° and in animal models of induced IVD
degeneration in vivo’®*?) in a canine model with spontaneous IVD degeneration. No
beneficial effects were found. The results of this chapter demonstrate that (a) promising in
vitro results (increased cell proliferation and glycosaminoglycan (GAG) synthesis) do not
always results in beneficial results in vivo, (b) side effects that develop in vivo (e.g.
extradiscal bone formation) cannot always be predicted from in vitro studies, and (c) the
effect of a regenerative treatment may differ between animal models in which degeneration
is induced and animals with spontaneously developed IVD degeneration.

The question remains how adequately animal models, with induced IVD degeneration,
represent the human situation. This dilemma is further highlighted by the studies described
in Chapter 8. Herein, the effect of Link-N and short (s)Link-N was studied on canine CLCs to
facilitate translation of Link-N into the clinic by using the dog as large animal model for
human IVD degeneration. No relevant effect of canine or human (s)Link-N was detected on
canine CLCs, however, in contrast to the beneficial effect observed in human CLCs. Thus,
although both dogs and humans spontaneously develop IVD degeneration with similar
characteristics’, the dog is not always the best suited model for studying human IVD
degeneration. The studies in Chapter 7 confirm this, since CLCs from chondrodystrophic
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dogs, non-chondrodystrophic dogs, and humans did not always similarly respond to growth
factor treatment in vitro.

In the continuing search for a valid large animal model for Link-N treatment of human IVD
degeneration, we recently employed CLCs from six sheep by using the same set up as for the
other species. Surprisingly, the ovine donors showed a variable chondrogenic response to
basal culture medium with/without TGF-B; or (s)Link-N, which may be attributed to their
genetic background. In the Netherlands, Swifter sheep are available for experimental
studies. These sheep have been crossed with New-Zealand Texel sheep, which possess a
guantitative trait locus mapping to the growth differentiation factor-8 (GDF8 or myostatin)
gene, a potent negative regulator of skeletal muscle growth53. Myostatin induces atrophy by
inhibiting the AKT pathway, which promotes protein synthesis, and increasing the activity of
the ubiquitin-proteasome system®. In Texel sheep, a single G to A transition in the 3’
untranslated region of GDF8 creates a target site for microRNAs (e.g. miR1 and miR206),
thereby inhibiting transcription of GDF8 and promoting muscle hypertrophy>*. The latter is
beneficial from an economic animal production standpoint. Additionally, GDF8 has been
suggested to inhibit chondrogenesis by suppressing SOX9 and collagen type Il expression in
MSCs>®. However, the role of GDF8 in IVD (patho)physiology has not been explored yet. To
determine whether the genotype can explain the variable chondrogenic capacity of the
ovine donors, the presence of the polymorphism was investigated in the Swifter sheep
population. Forty-one sheep were screened, of which 40% carried two copies (AA) and 40%
carried one copy of the A allele (AG), whereas 20% did not carry the polymorphism (GG).
Interestingly, the number of A copies correlated with the chondrogenic capacity of the
donors: AA donors were able to produce GAG-rich matrix in basal culture medium, while GG
donors were not able to produce GAG-rich matrix in the absence of growth factors, and the
AG donors responded intermediately (Figure 2). The results of these preliminary studies thus
imply that the regenerative capacity of ovine donors is dependent on their genotype.
Moreover, only AA and AG donors were able to respond to (s)Link-N, indicating that GDF8
signalling influences (s)Link-N signalling. Considering the fact that the human population
does not carry this polymorphism, GG sheep seem to better represent the human situation
and should be used in experimental animal studies. Lastly, GDF8 could be a valuable target
to further explore in the search for a regenerative treatment for IVD degeneration and
ongoing studies explore this possibility.

328



. GG - GAG content (ug)

AG - GAG content (pg)

Summarizing discussion

AA - GAG content (ug)

Control TGF-8

Control

hLN  hsLN  cLN  csLN

Safranin O/Fast Green

TGF-B1

Control TGF-B

h LN1

hLN  hsLN  cLN  csLN

h sLNO.5

Control TGF-B

cLN1

hLN  hsLN  cLN  csLN

csLNO.5

Collagen type |

Collagen typelll

Figure 2. Effect of the GDF8 polymorphism on extracellular matrix production. Histological images of the
Safranin O/Fast green staining and collagen type | and Il IHC of ovine CLC micro-aggregates treated with basal
culture medium (control), supplemented with 10 ng/mL TGF-B;, 1 ug/mL (1) human (h)/canine (c) Link-N (LN),
or 0.5 pg/mL (0.5) short Link-N (sLN) for 28 days in hypoxia. n=2 ovine donors per condition.
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Taken together, the studies described in abovementioned chapters demonstrate the
importance of sharing side effects and ‘negative’ results to the field to prevent others from
performing otiose (animal) experiments®®. This moral obligation not only concerns
researchers, but also journal editors and reviewers, when reviewing studies with ‘negative
results’. Follow-up animal experiments carried out by researchers that are not informed by
negative results (because they are not publishable) cause unnecessary animal suffering and
are in direct contrast with the obligation of every researcher that uses animals, e.g. looking
for means to reduce, refine, and replace animal experiments. The unexpected loss of a dog’s
life that we experienced early in the study described in Chapter 5 gave us valuable baseline
information and made that particular dog an important part of the study. Moreover, the
multispecies (s)Link-N study described in Chapter 8 stresses the importance of choosing a
proper animal model to test a regenerative treatment, e.g. taking into consideration the
genetic background of the animals.

The studies described in Chapter 5 and Chapter 6 furthermore demonstrate that no adverse
effects were observed due to the intradiscal injections themselves, indicating that even in
small Beagle IVDs, low volumes can be safely injected under fluoroscopic guidance using 25-
27 G needles. This is significant and important information, consistent with previous findings
by our group using the intradiscal delivery route®’ ™ and contradicts with the conclusions of
another study®®. The latter study has influenced many follow-up studies in the spine
research field in the last decade and refrained researchers to use the intradiscal injection
route to deliver regenerative strategies to the NP. It has even driven research into other
more invasive approaches, e.g. perforation of the end plate®.

What can we learn from developmental biology?

The studies described in Chapter 9 of this thesis demonstrate that the membrane protein
caveolin-1 was able to exert growth factor-like effects by augmenting TGF-B signaling.
Interestingly, since caveolin-1 is present in membranes, it might also be involved in the EV-
mediated regenerative effects we observed in Chapter 4, and future studies should
elaborate on this. Furthermore, it appeared that caveolin-1 was involved in the preservation
of the NC phenotype, since the NP of wild type mice was rich in NCs, whereas the NP of
caveolin-1 null mice contained CLCs and fibroblast-like cells.

At this moment, we can only speculate how caveolin-1 mediates the maintenance of the NC
phenotype. Glucose deprivation has been shown to stimulate caveolin-1 and glucose
transporter 4 (GLUT4) expression, while caveolin-1 depletion caused a decreased GLUT4
expression in several cell types®” ®3. Therefore, a protective role for caveolin-1 was
suggested during nutrient deprivation. NCs are more metabolically active and more
susceptible to nutrient deprivation than CLCs®*. Furthermore, the change in NP cell
phenotype from NCs towards CLCs (i.e. IVD maturation) coincides with a decreased vascular
supply to the growing human IVD®®, also implying that decreased nutrient availability might
be a main factor involved in the disappearance of NCs from the IVD. Moreover, canine IVD
maturation (when NCs are replaced with CLCs) involved a significant down-regulation
of caveolin-1 expression®®. Thus, perhaps caveolin-1 helps to maintain an adequate nutrient
(glucose) uptake in NCs. A second option would be that caveolin-1 mediates its effects via
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influencing signaling pathways such as Wnt signaling, since caveolin-1 co-localizes with B-
catenin in NC membranes®®. Maturation of the canine IVD involved a significant down-
regulation of caveolin-1 and AXIN2 expression®®. As Wnt signaling regulates the fate of the
notochord and stem cell renewal and apoptosis, decreased Wnt signaling (i.e. during IVD
maturation and in the caveolin-1 null IVD) may result in increased apoptosis and decreased
self-renewal of NCs®. Lastly, caveolin-1 may possibly preserve the NC phenotype via
hedgehog signaling, since it co-localizes with the indian hedgehog (IHH)/sonic hedgehog
(SHH) receptor patched (PTCH) in the cell membrane®’.

The IHH-Parathyroid hormone-related protein (PTHrP) pathway is known to play a role in
chondrocyte differentiation and osteoarthritis®”3, but their role in the IVD is largely
unknown. The studies described in Chapter 10 investigated the effect of PTHrP on the
growth plate, a proper model to study chondrocyte differentiation’*”®, and found that PTHrP
was able to suppress hypertrophic differentiation of growth plate chondrocytes. This may
suggest that PTHrP could potentially be used to prevent this undesirable process in
regeneration of cartilage, but also in regeneration of the IVD, since hypertrophic
differentiation and calcification can also develop during IVD degeneration77. Previous work
indicated that calcium is able to induce degenerative responses in IVD organ cultures’®.
Based on the outcomes of Chapter 10, the studies described in Chapter 11 determined the
expression and possible role of PTHrP and IHH in the postnatal IVD. IHH, PTHrP and related
receptor expression as well as calcification levels increased during IVD degeneration.
Moreover, IHH had the propensity to facilitate calcification in canine CLCs in vitro, in line
with results on chondrocytes’. In contrast with the results of Chapter 10, however, PTHrP
was not able to suppress calcification in CLC cultures, but this was merely due to the fact
that induction of calcification in CLCs in vitro appeared challenging, i.e. almost impossible
without IHH supplementation. Taken together, the results of Chapter 10 and 11 may imply
that supplementing PTHrP or inhibiting IHH signalling could in the future be a therapeutic
approach to inhibit hypertrophic differentiation and calcification during IVD degeneration.

Lastly, the expression of IHH and PTCH was decreased in murine caveolin-1 null NPs
compared with wild type NPs and IHH showed a similar expression pattern as caveolin-1 in
the postnatal IVD, ie. decreased during IVD maturation, and increased during IVD
degeneration. Taken together, this may suggest that caveolin-1 and IHH indeed interact,
possibly via PTCH. Future studies are needed to elucidate the precise interaction between
caveolin-1 and the IHH-PTHrP signaling pathway, as they are both intriguing targets for the
development of regenerative therapies for IVD degeneration. In this respect, the expression
and role of SHH, another hedgehog ligand, should also be determined in the postnatal IVD of
species suffering from clinical IVD disease, since SHH was found to be important for
notochord development and postnatal growth and differentiation of the murine IVD”9%%,
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General conclusions

In this thesis, new cell- and growth factor-based regenerative strategies for the treatment of
human and canine intervertebral disc degeneration were investigated. In this respect, the
value of studying developmental biology was demonstrated, as interesting targets were
identified, e.g. caveolin-1, PTHrP and IHH. Not all proposed agents appeared to exert a
positive effect in vitro (MSCs, Link-N, TGF-B;), and promising in vitro results did not always
translate to beneficial effects in vivo (BMP7). However, notochordal cell-based therapies
induced regenerative effects across species susceptible for intervertebral disc disease. While
identifying the bioactive factors secreted by notochordal cells is challenging, it is valuable
from a fundamental perspective and will provide innovative insights for the improvement of
regenerative treatment strategies. However, a more straightforward alternative for bench to
(veterinary) bedside translation is the application of notochordal cell-derived matrix, which
exerted regenerative effects on intervertebral disc (cells) in vitro and in vivo.
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Key points

Notochordal cell-based strategies

Factors secreted from human, canine, and porcine NC-rich NPs exerted regenerative
effects on human CLCs. This result indicates a cross-species effect and supports
further research into NC-based treatment strategies employing canine or porcine
models for translation into humans.

By mass spectrometry of porcine, canine, and human NCCM, mainly ECM-related
proteins were identified, but also membrane-bound vesicle proteins, indicating that
NCs secrete EVs.

Porcine NCCM contained a considerable amount of EVs with regenerative potential
upon human and canine CLCs. The EV-mediated effects may be influenced by
proteins present in NCCM.

The application of NC-derived matrix from healthy porcine NPs induced an anabolic,
anti-catabolic, anti-apoptotic, and proliferative effect on human and canine CLCs in
vitro. When intradiscally applied in canine IVDs with moderate (induced)
degeneration, NCM exerted beneficial effects on macroscopic, MRI, biochemical and
histologic level and ameliorated local inflammation. This indicates that intradiscal
NCM injection could be a promising treatment for IVD disease, circumventing the
cumbersome identification of bioactive NC-secreted substances.

No beneficial effect of canine MSCs was detected upon canine CLCs in vitro or on
degenerated canine IVDs in vivo, indicating that the quality of an MSC-based
treatment strategy is not easily guaranteed in veterinary medicine.

Growth factor based strategies

BMP7 stimulated healthy ECM production of canine CLCs from early degenerated
IVDs in vitro. When intradiscally applied in spontaneously, early degenerated canine
IVDs, however, BMP7 exerted no regenerative effects, but induced extensive
extradiscal bone formation. This implies that a bolus injection of BMP7 alone cannot
be used as a treatment for IVD disease in human or canine patients.

TGF-B; and BMP2 increased proliferation and ECM deposition of human and canine
CLCs. BMP2-mediated Smadl signaling was associated with collagen type I
production, whereas TGF-B;-mediated Smad?2 signaling was associated with fibrotic
CLC (re)differentiation.

Human and canine (short) Link-N exerted species-specific effects on human, bovine,
and canine CLCs from early degenerated IVDs. Both variants, however, lacked the
potency as canine IVD regeneration agent.

Caveolin-1 plays a role in preservation of the NC phenotype and may be related with
CLC apoptosis given its increased expression in degenerated IVDs. Since caveolin-1
scaffolding domain increased TGF-B/pSmad2 signaling and healthy ECM deposition in
CLCs in vitro, however, increased caveolin-1 expression in degenerated 1VDs may also
facilitate an attempt of repair.
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What can we learn from developmental biology?

334

There is a functional paracrine feedback loop between vitamin D3 and PTHrP in the
growth plate: vitamin D3 decreased PTHrP production, while PTHrP increased
chondrocyte sensitivity to vitamin D3 by increasing vitamin D3 receptor production.
Undesirable hypertrophic chondrocyte differentiation was inhibited by PTHrP and
vitamin D3 in vitro.

The expression of IHH, PTHrP and related receptors decreased during IVD
maturation, while their expression and calcium deposition increased during IVD
degeneration. PTHrP decreased healthy ECM production, while IHH facilitated
calcification in canine CLCs in vitro. The latter indicates that inhibiting IHH signaling
could be a therapeutic approach to inhibit calcification during IVD degeneration.
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Addendum

Achtergrond

Rug- en nekpijn komt veelvuldig voor bij zowel de mens als de hond en is sterk geassocieerd
met degeneratie (slijtage) van de tussenwervelschijf (TWS). De huidige conservatieve en
chirurgische therapieén voor TWS slijtage zijn vooral symptomatisch en leiden niet tot
herstel van de TWS zelf. Om deze reden is de belangstelling voor regeneratieve therapieén,
welke tot doel hebben de TWS in een vroeg stadium te repareren, toegenomen. Onderzoek
binnen de regeneratieve geneeskunde vergroot onze kennis van ziekteprocessen. Het
uiteindelijke doel is om de resultaten te vertalen naar minimaal invasieve therapieén voor
zowel veterinaire als humane patiénten volgens het ‘One Health’ principe. In dit proefschrift
worden daarom nieuwe regeneratieve strategieén (met nadruk op (notochordale) cellen en
groeifactoren) voor de behandeling TWS slijtage bij de mens en hond onderzocht met als
uitgangspunt de ontwikkelingsbiologie.

Notochordale cellen

Gedurende maturatie (rijping) van de TWS (wat bij de mens al plaatsvindt gedurende de
eerste levensjaren) verandert het celtype in het centrum van de TWS, de nucleus pulposus
(NP): grote notochordale cellen (NCs) worden vervangen door kleinere chondrocyt-achtige
NP cellen (NPCs). Het verlies van de NC populatie wordt geassocieerd met het ontwikkelen
van TWS slijtage, wat impliceert dat NCs een belangrijke rol spelen in het behoud van gezond
NP weefsel. Eerder onderzoek toont aan dat NCs inderdaad bioactieve stoffen met
regeneratieve eigenschappen uitscheiden. Het onderzoek dat wordt beschreven in dit
proefschrift bevestigt deze eerdere bevindingen, maar voegt ook nieuwe inzichten toe. In
Hoofdstuk 2 wordt het regeneratieve effect van NC-geconditioneerd medium (NCGM) van
verschillende diersoorten (mens, hond, varken) vergeleken. De bioactieve stoffen die door
NCs worden uitgescheiden oefenden weliswaar een diersoort overschrijdend effect uit, maar
varkens NCGM bleek met meest potent. Gebaseerd op deze bevindingen, de ethische
overwegingen en het feit dat gezond TWS weefsel van honden en varkens makkelijker
verkrijgbaar is dan gezond humaan TWS weefsel, werd besloten vervolgstudies voornamelijk
te richten op gezonde honden en varkens TWS-en. In een tweede studie gebaseerd op
NCGM (Hoofdstuk 3) werd getracht met behulp van massaspectrometrie bioactieve factoren
te identificeren welke waren uitgescheiden door NCs. Echter, er werden voornamelijk
matrix-gerelateerde eiwitten, maar geen specifieke groeifactoren gevonden, waarschijnlijk
doordat gebruik werd gemaakt van geheel NP weefsel (en niet enkel NCs) om NCGM te
maken. Naast matrix eiwitten werden ook membraanblaasjes-gerelateerde eiwitten
gevonden, wat sterk suggereert dat membraanblaasjes aanwezig zijn in NCGM.
Membraanblaasjes bevatten bioactieve moleculen en worden door cellen uitgescheiden om
te communiceren met andere cellen. Op deze manier kan ook weefselregeneratie worden
gestimuleerd. In Hoofdstuk 4 laten we zien dat NCGM inderdaad membraanblaasjes bevat,
welke regeneratieve effecten uitoefenen op NPCs van de mens en hond. In de toekomst
kunnen de bioactieve moleculen van deze membraanblaasjes worden geidentificeerd,
waarna het effect van de recombinant gesynthetiseerde varianten van deze factoren kunnen
worden getest in functionele studies.
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Hoofstukken 2-4 van dit proefschrift demonstreren hoe moeilijk en bewerkelijk het is om de
bioactieve factoren die door NCs worden uitgescheiden te identificeren en isoleren. Een
eenvoudigere benadering voor TWS regeneratie werd daarom getest in Hoofdstuk 5, door
gebruik te maken van NC-rijke matrix (NCM) van NP weefsel afkomstig van gezonde varkens.
NCM (opgelost in een concentratie van 10 mg/mL) induceerde een anabool, anti-katabool en
proliferatief effect in humane en honden NPCs en faciliteerde chondrogene differentiatie
van mesenchymale stromale stamcellen (MSCs) in vitro. In de TWS-en van Beagles in vivo
induceerde intradiscaal geinjecteerd NCM een positief effect op de TWS, welke op MRI was
te zien (0.a. toegenomen breedte van de TWS) en ook kon worden waargenomen met het
blote oog (macroscopisch niveau). Tevens stimuleerde NCM de afzetting van gezonde matrix
en oefende NCM een anti-inflammatoir effect uit. Het werkingsmechanisme van NCM is nog
niet bekend, maar het zou kunnen zijn dat het vergelijkbaar is met gedemineraliseerd bot
matrix, wat botregeneratie stimuleert door lokaal groeifactoren uit te scheiden. Naast
onderzoek naar het exacte werkingsmechanisme zou vervolgonderzoek zich ook moeten
richten op het testen van hogere concentraties NCM en de mogelijkheid tot het toedienen
van NCM in hydrogel vorm, wat de kans op lekkage vermindert. Als laatste moet
decellularisatie van NCM worden bewerkstelligd zonder verlies van biologische activiteit
voordat deze veelbelovende therapeutische optie kan worden vertaald naar de humane en
veterinaire kliniek. Concluderend kan worden gezegd dat intradiscale NCM injectie een
veelbelovende therapie voor TWS slijtage kan zijn in de toekomst, waarmee de lastige
identificatie van bioactieve stoffen die NCs uitscheiden omzeild kan worden.

Mesenchymale stamcellen

MSCs zijn veelbelovende en vaak onderzochte celtypen in de onderzoekswereld gezien hun
regeneratieve en immunosuppressieve eigenschappen. Het effect van MSCs is in dit
proefschrift getest op honden NPCs in vitro (Hoofdstuk 7) en op TWS-en van Beagles in vivo
(Hoofdstuk 6). De MSCs oefeneden echter zowel in vitro als in vivo geen regeneratief effect
uit. Een mogelijke oorzaak kan de bekende heterogeniteit van MSC populaties zijn. De
resultaten van deze hoofdstukken tonen dus aan dat een regeneratieve therapie voor
slijtage van de TWS gebaseerd op MSCs (nog) niet kan worden gewaarborgd in de
veterinaire geneeskunde. Vervolgonderzoek moet aantonen of lokale Tie2* NP progenitor
cellen een goed alternatief zouden kunnen zijn voor MSCs in het kader van TWS regeneratie.

Groeifactoren

De regeneratieve geneeskunde richt zich niet alleen op strategieén gebaseerd op cellen,
maar ook op groeifactoren welke celproliferatie en matrixdepositie stimuleren. In Hoofdstuk
6 werd het effect van de groeifactor bone morphogenetic protein-7 (BMP7) getest op TWS-
en van Beagles met spontaan ontstane milde slijtage. Eerder was al aangetoond dat BMP7
afzetting van matrix stimuleert in diermodellen met geinduceerde TWS slijtage. In onze
studie oefende BMP7 geen regeneratief effect uit, maar stimuleerde wel extradiscale
botformatie. Mogelijk verschilt de respons op groeifactoren tussen een TWS met
geinduceerde slijtage ten opzichte van een TWS met spontane slijtage. Dit toont eens te
meer aan dat de keuze van het juiste representatieve diermodel van cruciaal belang is voor
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het testen van een (regeneratieve) therapie. In Hoofdstuk 8 wordt dit nogmaals benadrukt,
aangezien Link-N (welke BMP-gemedieerde Smadl signalering kan stimuleren) een
regeneratief effect uitoefende op humane NPCs, terwijl het effect op honden NPCs nihil was.
Alhoewel zowel de mens als de hond klinisch relevante TWS slijtage ontwikkelen, is hun
respons op Link-N totaal verschillend. Om deze reden is de hond voor het testen van Link-N
dan ook niet geschikt als diermodel voor de mens. Ook in Hoofdstuk 7 vertoonden NPCs van
de hond soms een verschillende respons op Transforming Growth Factor-f (TGF-B) en BMP2
ten opzichte van NPCs van de mens. Concluderend kan worden gesteld dat Hoofdstuk 6-8
het belang tonen van het delen van ‘negatieve’ resultaten en bijwerkingen van
(regeneratieve) agentia ter voorkoming van het uitvoeren van overbodige
(dier)experimenten en onnodig proefdiergebruik.

Ontwikkelingsbiologie

In Hoofdstuk 9 wordt gedemonstreerd dat het membraaneiwit caveolin-1 groeifactor
effecten kan uitoefenen door TGF-B signalering te bevorderen. Verder werd ook aangetoond
dat caveolin-1 een rol speelt in het behoud van het NC fenotype, aangezien in de NP van
wild type muizen veelal NCs werden waargenomen terwijl de NP van caveolin-1 knockout
muizen voornamelijk NPCs en fibroblast-achtige cellen bevatte. Vervolgonderzoek zal
moeten verduidelijken hoe caveolin-1 betrokken is bij het behoud van het NC fenotype.
Mogelijk speelt hedgehog signalering hierbij een rol, aangezien caveolin-1 in het
celmembraan co-lokaliseert met de Indian hedgehog (IHH) receptor Patched. Eerder
onderzoek toonde al aan dat het IHH-Parathyroid hormone-related protein (PTHrP) pathway
een rol speelt in chondrocyt differentiatie en artrose, maar hun rol in de TWS was nooit
eerder onderzocht. Om deze reden werd in Hoofdstuk 10 eerst het effect van PTHrP getest
op de groeischijf, hetgeen een goed model is om chondrocyt differentiatie te bestuderen.
PTHrP bleek de hypertrofische differentiatie van chondrocyten, zoals bij artrose voorkomt,
te kunnen remmen. Aangezien hypertrofische differentiatie en calcificatie tevens voorkomt
in versleten TWS-en, zou dit kunnen impliceren dat PTHrP deze pathologische processen ook
zou kunnen inhiberen in TWS-en. Gebaseerd op deze hypothese werd vervolgens in
Hoofstuk 11 de expressie en mogelijke rol van de PTHrP en IHH in de postnatale TWS
onderzocht. Zowel de expressie van IHH, PTHrP en hun receptoren als calciumdepositie was
toegenomen in versleten TWS-en. IHH faciliteerde bovendien calcificatie in honden NPCs in
vitro, een fenomeen dat eerder was waargenomen in chondrocyten. PTHrP kon calcificatie
echter niet remmen, waarschijnlijk doordat het induceren van calcificatie in NPCs in vitro
vrijwel onmogelijk was zonder IHH suppletie. Al met al tonen de resultaten van Hoofdstuk
10 en 11 het belang aan van het kijken naar de ontwikkelingsbiologie van (andere) weefsels.
Op basis van dit principe werd gevonden dat suppletie van PTHrP of inhibitie van IHH
mogelijk in de toekomst een therapeutische optie zou kunnen zijn om hypertrofische
differentiatie en calcificatie gedurende TWS slijtage te remmen.
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Conclusies

De studies die in dit proefschrift zijn beschreven tonen de waarde aan van het bestuderen
van de ontwikkelingsbiologie voor het ontwikkelen van (regeneratieve) therapieén. Op deze
manier zijn mogelijk interessante agentia gevonden voor tussenwervelschijf regeneratie,
zoals caveolin-1, PTHrP en IHH. Niet alle geopperde agentia bleken echter een positief effect
te bewerkstelligen in vitro (MSCs, Link-N, TGF-B;), en veelbelovende in vitro resultaten
bleken niet altijd te leiden tot regeneratieve effecten in vivo (BMP7). Notochordale cellen
bleken daarentegen een zeer interessante bron te zijn voor tussenwervelschijfregeneratie.
Hoewel het identificeren van de bioactieve factoren welke worden uitgescheiden door deze
notochordale cellen bewerkelijk is, kan het vanuit een fundamenteel perspectief waardevol
zijn, omdat met deze kennis regeneratieve behandelingsstrategieén verbeterd kunnen
worden. Om de lastige identificatie van bioactieve stoffen te omzeilen bleek de toepassing
van notochordaal cel-rijke matrix een zeer potent alternatief te zijn voor het ontwikkelen
van een regeneratieve therapie voor versleten tussenwervelschijven van zowel de mens als
de hond.
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Belangrijkste bevindingen

Strategieén gebaseerd op notochordale cellen

Bioactieve factoren uitgescheiden door NCs van de mens, hond en varken oefenen
een diersoort overschrijdend, regeneratief effect uit op humane NPCs. Dit
ondersteunt verder onderzoek naar NC-gebaseerde strategieén die gebruik maken
van varkens- en hondenmodellen voor translatie naar humane en veterinaire
patiénten.

Met behulp van massaspectrometrie zijn vooral matrix-gerelateerde eiwitten
geidentificeerd in NCGM van de mens, hond en varken, maar ook membraanblaasjes-
gerelateerde eiwitten.

Varkens NCGM bevat veel membraanblaasjes welke een regeneratief effect
uitoefenen op humane en honden NPCs. Het effect van deze membraanblaasjes kan
worden beinvloed door de eiwitten die tevens aanwezig zijn in NCGM.

Het toedienen van NC-rijke matrix van NP weefsel van gezonde varkens induceert
een anabool, anti-katabool en proliferatief effect op humane en honden NPCs in
vitro. Wanneer NCM geinjecteerd wordt in matig gedegenereerde honden TWS-en
verbetert NCM het MRI beeld, oefent het een positief effect uit op macroscopisch,
biochemisch en histologisch niveau en inhibeert het ontsteking. Dit impliceert dat
een intradiscale NCM injectie in potentie een veelbelovende therapie voor TWS
slijtage kan zijn in de toekomst, aangezien de lastige identificatie van bioactieve
stoffen die NCs uitscheiden hiermee omzeild wordt.

Er zijn geen positieve effecten van honden MSCs waargenomen op honden NPCs in
vitro of op versleten TWS-en van honden in vivo. Dit impliceert dat een regeneratieve
therapie voor TWS slijtage die gebaseerd is op MSCs (nog) niet goed kan worden
gewaarborgd in de veterinaire geneeskunde.

Strategieén gebaseerd op groeifactoren
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BMP7 stimuleert gezonde matrix productie in honden NPCs in vitro. Wanneer BMP7
intradiscaal geinjecteerd wordt in versleten honden TWS-en oefent BMP7 geen
regeneratief effect uit, maar induceert het extradiscale botnieuwvorming. Dit
impliceert dat een bolusinjectie met alleen BMP7 niet geschikt is als therapie voor
TWS slijtage.

TGF-B; en BMP2 stimuleren proliferatie en matrixproductie in humane en honden
NPCs in vitro. BMP2-gemedieerde Smadl signalering induceert afzetting van
collageen type Il, terwijl TGF-B1l-gemedieerde Smad2 signalering het ontstaan van
fibrose stimuleert.

De humane en honden variant van (short) Link-N oefenen diersoort specifieke
effecten uit op NPCs van mens, rund en hond. Beide varianten hebben echter niet de
potentie om regeneratie te induceren in honden NPCs.

Caveolin-1 speelt een rol in het behoud van het NC fenotype en wordt tevens
gerelateerd aan NPC apoptose, aangezien caveolin-1 verhoogd tot expressie komt in
versleten TWS-en. Caveolin-1 induceert echter ook TGF-B/Smad2 signalering en
afzetting van gezonde matrix in NPCs in vitro, wat kan impliceren dat caveolin-1
reparatie faciliteert in versleten TWS-en.
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Wat kunnen we leren van de ontwikkelingsbiologie?
- In de groeischijf bestaat een functionele feedback loop tussen vitamine D3 en PTHrP.
Hypertrofische chondrocyt differentiatie wordt door zowel PTHrP als vitamine D3
geremd.

- De expressie van IHH, PTHrP en hun receptoren neemt af gedurende maturatie
(rijping) van de TWS, terwijl hun expressie en calciumdepositie toeneemt tijdens TWS
slijtage. PTHrP remt de productie van gezonde matrix, terwijl IHH calcificatie
faciliteert in honden NPCs in vitro. Dit impliceert dat het remmen van IHH signalering
een therapeutische optie kan zijn om calcificatie te inhiberen gedurende TWS slijtage
in de toekomst.
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la-OHase: la-hydroxylase

24-OHase: 24-hydroxylase

ACAN: aggrecan

ADAMTS5: a disintegrin and metalloproteinase with thrombospondin motifs 5
AF: annulus fibrosus

Asap: ascorbic acid 2-phosphate

ASC: adipose-derived stem cell

BMP: bone morphogenetic protein

Bp: base pairs

BMSC: bone marrow-derived stem cells
BW: body weight

Ca: calcium

CASP3: caspase 3

Cav-1: caveolin-1

CCND1: cyclin D1

CD: chondrodystrophic

ChlIP: chromatin immunoprecipitation
CLC: chondrocyte-like cell

COL1A1: collagen type 1

COL2A1: collagen type 2

COI9: collagen type 9

COL10: collagen type X

CT: computer tomography

CTGF: connective tissue growth factor
DH: disc height

DHI: disc height index

DMMB: dimethyl methylene blue

ECM: extracellular matrix

EP: end plate

ES: effect size

EV: extracellular vesicles

FACS: fluorescence-activated cell sorting
FBS: fetal bovine serum

FOXF1: Forkhead Box F1

FSC: forward scatter

GAG: glycosaminoglycan

GDF: growth and differentiation factor
GPI.Th: mean growth plate height
GPL.Th.Pr: mean height of the proliferative growth plate zone
GPI.Th.Hp: mean height of the hypertrophic growth plate zone
ID1: DNA-binding protein inhibitor

IGF: isulin-like growth factor

IHC: immunohistochemistry

IHH: indian hedgehog

IL-1R: interleukin-1B

IVD: intervertebral disc

HPRT: hypoxanthine-guanine phosphoribosyltransferase
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HRP: horseradish peroxidase

HYP: hydroxyproline

HX: hypoxic

KRT8: cytokeratin 8

KRT18: cytokeratin 18

KRT19: cytokeratin 19

Mab: monoclonal antibody

MMP13: matrix metalloproteinase 13
MRI: magnetic resonance imaging
MSC: mesenchymal stromal cell

NC: notochordal cell

NCCM: NC-conditioned medium

NCD: non-chondrodystrophic

NCM: NC-derived matrix

NP: nucleus pulposus

NPPC: nucleus pulposus progenitor cell
n.s.: not significant

NX: normoxic

OA: osteoarthritis

P: protein

Pab: polyclonal antibody

PAI1: plasminogen activator inhibitor type 1
Pax-1: paired box protein-1

PTCH: patched

PTH: parathyroid hormone

PTHR1: PTH/PTHrP receptor

PTHrP: parathyroid hormone related protein
RPS19: 40S ribosomal protein S19

RT: room temperature

rw-FSC: reduced wide-angle forward scatter
S.D.: standard deviation

SDHA: succinate dehydrogenase complex subunit A

SEC: size-exclusion chromatography
siRNA: silencing RNA

SHH: sonic hedgehog

SMO: smoothened

SOX9: sex determining region Y-box 9
SRY: sex-determining region of Y

SSC: side scatter

TBP: TATA-Box binding protein
TGF-B: transforming growth factor-
TIMP1.: tissue inhibitor of metalloproteinases
Tm: melting temperature

TNFo: tumor necrosis factor a

TSS: transcription start site

UC: ultracentrifugation

VDR: nuclear vitamin D3 receptor

List of abbreviations
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VDRE: vitamin D3 response element

VEGF: vascular endothelial growth factor

WT: wild type

YWHAZ: tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta
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