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Abstract

Avascularity, low cell count, and low proliferative potential constitute the triad that
defines the limited self-regenerative potential of articular cartilage. Consequently, the
repair of articular cartilage defects presents a highly challenging task for researchers and
orthopedic surgeons. Despite the progress in currently available treatments, including
surgical and regenerative cell therapy techniques, the regeneration of a tissue that
completely mimics the biochemical and mechanical properties of articular cartilage has

not yet been successful.

Among a multitude of approaches being investigated to induce hyaline cartilage
regeneration, the design of an acellular chondroinductive biomaterial would provide a
safe, cost-effective, and translational approach toward successful true hyaline cartilage

regeneration.

In this dissertation, the objective was to design a chondroinductive hydrogel to
induce the chondrogenic differentiation of human bone marrow-derived mesenchymal
stem cells (hBMSCs). The base of the biomaterial was a pentenoate-functionalized

hyaluronic acid (PHA) hydrogel along with a conjugated chondroinductive factor.

The search for a chondroinductive factor started with the evaluation of two peptides
and two small compounds from the literature with human and equine BMSCs; however,
no evidence of chondroinduction was observed with any of the peptides or compounds.
The search continued with the evaluation of the chondroinductive potential of 11 newly

discovered peptides with no success. Hence, and as a contingency plan, | resorted to the

Xiv



use of a peptide (Peptide D), based on preliminary results (from others on our team) with
hBMSC spheroid cultures, which suggested that Peptide D could enhance the
chondrogenic differentiation of hBMSCs in the presence of transforming growth factor
(TGF)-B3. Therefore, the final objective of this dissertation was to synthesize a PHA
hydrogel with conjugated Peptide D and conjugated TGF-B3. Varying concentrations of
Peptide D and TGF-33 were evaluated, and | identified a combination that resulted in the
upregulation in the gene expression of collagen Il and SOX-9 compared to hydrogels with
conjugated TGF-B. This outcome signifies the successful synthesis of a promising

chondroinductive biomaterial.

The results obtained in this dissertation were the basis to select promising hydrogel
groups to evaluate in a currently ongoing in vivo cartilage regeneration study in rabbits.
Future work beyond this thesis will focus on advancing the hydrogel-peptide-TGF-33
system based on the outcome of the current in vivo study, and to refine the sequence of

Peptide D in efforts to enhance its chondroinductive potential.
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Chapter 1: Introduction

The long-term goal of this dissertation is to create a synthetic chondroinductive
biomaterial for in situ scaffold-based cartilage regeneration. Cartilage fails to regenerate
following an injury, and despite recent advances in surgical and cell therapy techniques,
the outcome in most cases is the formation of an inferior fibrous tissue that lacks the
structural organization, matrix composition, and mechanical performance of hyaline
cartilage. Acellular biomaterials are becoming increasingly popular as they rely on the
endogenous mobilization of BMSCs through microdrilling, thus simplifying the regulatory
barriers, and the tediousness and high cost of in vitro cell expansion. However, we are
yet to develop a synthetic chondroinductive biomaterial capable of inducing cartilage
regeneration. The key to developing a chondroinductive hydrogel is to create the material
to be chondroinductive by itself by conjugating peptides that can mimic the action of
growth factors and induce cartilage repair. This thesis considered peptides from the
literature in addition to peptides discovered within our research group, including a peptide

that was named “Peptide D”.

The specific aims for this dissertation are (1) : Evaluate the chondrogenic potential
of promising synthetic chondrogenic factors (CFs) with equine bone marrow-derived stem
cells (eBMSCs), and equine umbilical cord mesenchymal stromal cells (€UCMSCs) in
spheroid culture. (2) Evaluate the chondrogenic potential of promising synthetic
chondrogenic factors (CFs) and their combinations with hBMSCs. (3) Synthesize and
evaluate the chondroinductive potential of a bioactive PHA hydrogel with conjugated

TGF-B3 and synergistic Peptide D.



Chapter 2 provides an exhaustive review of peptides used for cartilage
regeneration. | categorized peptides based on two major distinctions. The first distinction
is a clear separation of peptides reported to independently induce chondrogenesis from
those peptides reported to synergize with other growth factors for cartilage regeneration.
The second distinction focuses on whether peptides underwent evaluation in vitro or in
vivo. This chapter provides valuable insight on the necessity of establishing proper
positive and negative controls, both in vitro and in vivo, to allow rigorous evaluation of
chondroinductive peptides. Additionally, chapter 2 provides the rationale for selecting
peptides CM10 and CK2.1, and compounds kartogenin and SM04690 in subsequent

chapters.

Chapter 3 addresses the first part of Aim 1 by evaluating and comparing the
chondroinductive potential of equine BMSCs and equine UCMSCs in response to two
compounds, kartogenin and SM04690, and two peptides, CM10 and CK2.1, in parallel
with a TGF-B3 positive control. Furthermore, | compared the chondroinductive potential
of eBMSCs in hypoxia and normoxia in both monolayer and spheroid culture in response
to dexamethasone and/or TGF-3. Although subsequent chapters do not include the use
of equine cells, chapter 3 provides confirmation that BMSCs from different species and
cells from other sources (e.g., umbilical cord) respond differently to growth factors and

culture conditions.

Chapter 4 addresses Aim 2 by evaluating the chondroinductive potential of two
compounds, kartogenin and SM04690, and two peptides, CM10 and CK2.1, with

hBMSCs. | assessed the chondrogenic differentiation of the hBMSCs based on the gene
2



expression of chondrogenic markers (i.e., ACAN, collagen II, and SOX-9) in addition to
collagen |. Additionally, | ran a donor study that evaluated the chondrogenic differentiation
of hBMSCs from three distinct donors in response to selected concentrations of
kartogenin, SM04690, CM10, and CK2.1. Chapter 4 emphasizes the need to identify

peptides and compounds that are not situation dependent.

Chapter 5 addresses Aim 2, or more specifically, a contingency plan for Aim 2.
Based on the findings that are discussed in chapter 4, | screened the chondroinductive
potential of 11 newly discovered peptides from our research group using hBMSCs in

spheroid culture in vitro.

Chapter 6, addresses Aim 3 by synthesizing and evaluating the chondroinductive
potential of a bioactive PHA hydrogel. Based on the findings that are discussed in
chapters 4 and 5, | moved on to a second contingency plan whereby | employed a newly
discovered peptide from our research group named Peptide D, which others in our group
had shown had enhanced the chondrogenic differentiation of hBMSC spheroids in the
presence of TGF-B3. Hence, | synthesized a PHA hydrogel with both conjugated TGF-3
and conjugated Peptide D. This chapter was the basis on which we selected promising
groups to be evaluated in vivo in a cartilage defect model that is outside the scope of this

thesis.

Chapter 7 is the conclusion to the dissertation, which summarizes the key findings
of all three aims, addresses limitations of the studies, and provides recommendations for

future research.



Chapter 2: Chondroinductive Peptides for Cartilage Regeneration’

Abstract

Inducing and maintaining a hyaline cartilage phenotype is the greatest challenge
for cartilage regeneration. Synthetic chondroinductive biomaterials might be the answer
to the unmet clinical need for a safe, stable, and cost-effective material capable of
inducing true hyaline cartilage formation. The past decade witnessed an emergence of
peptides to achieve chondrogenesis, as peptides have the advantages of versatility, high
target specificity, minimized toxicity and immunogenicity, and ease of synthesis. Here, we
review peptides as the basis for creating promising synthetic chondroinductive
biomaterials for in situ scaffold-based cartilage regeneration. We provide a thorough
review of peptides evaluated for cartilage regeneration while distinguishing between
peptides reported to induce chondrogenesis independently, and peptides reported to act
in synergy with other growth factors to induce cartilage regeneration. Additionally, we
highlight that most peptide studies have been in vitro, and appropriate controls are not
always present. A few rigorously-performed in vitro studies have proceeded to in vivo
studies, but the peptides in those in vivo studies were mainly introduced via systemic,
subcutaneous, or intraarticular injections, with a paucity of studies employing in situ
defects with appropriate controls. Clinical translation of peptides will require the

evaluation of these peptides in well-controlled in vivo cartilage defect studies.

" Published as: Ajeeb, B., Acar, H. & Detamore, M. S. Chondroinductive Peptides for Cartilage
Regeneration. Tissue Eng Part B Rev (2021) doi:10.1089/ten. TEB.2021.0125.



In the decade ahead, we may be poised to leverage peptides to design devices
that are safe, reproducible, cost-efficient, and scalable biomaterials, which are
themselves chondroinductive to achieve true hyaline cartilage regeneration without the

need for growth factors and other small molecules.

Introduction
Articular cartilage regeneration manifests as a tough challenge for researchers and
clinicians globally. The loss of cartilaginous tissues affects all age groups and is mainly
due to arthritis and traumatic injuries. According to the 4" edition of the Burden of
Musculoskeletal Diseases in the United States (BMUS), published in 2018, approximately
78 million Americans will develop arthritis by 2040, and the annual direct medical costs

attributed to arthritis are roughly $81 billion in the United States.’

Articular cartilage cannot self-regenerate mainly due to the lack of vascularization
and the low density of chondrocytes. Non-surgical treatments include intra-articular
injections, with standard examples such as corticosteroids or hyaluronic acid (HA) (FDA
approved). However, intra-articular injections are an advanced pharmacological
intervention to manage the pain for patients with persistent osteoarthritis (OA) symptoms
and are typically used as a last resort before or in lieu of surgical intervention. A recent
review by Jones et al.? highlighted the currently available intra-articular injections for knee
OA and emphasized the need to have significant clinical data to support the effectiveness

of these treatments as compared to placebo.



Currently available surgical approaches include microfracture (MF), which was
introduced in the early 1980s® and is still one of the first choices for treating cartilage
injury due to its feasibility and lower cost as compared to alternative surgical approaches.
However, MF is mainly employed for small defects, and the repair tissue is usually
fibrocartilage. Other options include autologous osteochondral grafts (mosaicplasty) and
osteochondral allografting (OCA). Mosaicplasty is becoming less popular due to donor
site morbidity and variability of outcomes,* as for OCA, the main drawbacks are cost and

graft availability.®

Regenerative surgical techniques emerged approximately 30 years ago®’ with the
primary technique being autologous chondrocyte implantation (ACI). ACI has been
modified for 2", 3, and 4™ generation.”-® The 3™ generation refers to the matrix-assisted
chondrocyte implantation (MACI), involves the use of scaffolds, and in December 2016,°
the FDA approved Vericel’'s MACI® for full-thickness cartilage defects. Clinical outcomes
of regenerative surgical techniques are affected by several variable such as, lesion size,
site of defect, sex and age; however, most reviews addressing MF, ACI, and MACI
conclude that ACI or MACI are recommended when lesions are >3 cm.2”.1% 4t generation
ACI overcomes the limitation of two surgical procedures in previous generations, and
involves chondrocyte and BMSC harvest and implantation in one intervention.” Single
treatment autologous chondrocyte implantation (STACI) and INSTRUCT" are currently
available 4" generation ACI techniques; however, as of May 2021, they were not FDA

approved.



However, despite the pain relief and enhancement of knee function, the outcome
of regenerative surgical techniques in most cases is an inferior fibrous tissue that lacks
the structural organization, matrix composition, and mechanical properties of hyaline
cartilage. Therefore, the question that remains is, how can we induce true hyaline
cartilage regeneration? Several approaches to answer this question have been
extensively studied by the tissue engineering community, which is reflected by the
number of reviews that have been published in the past couple of years to address cell
therapy,*12-21 scaffolds,*?? biomaterials,'>232* hydrogels,?>28 3D printing,?° and gene
therapy,'® etc. However, there remains an unmet clinical need for the development of
small synthetic molecules that have the potential to induce chondrogenesis (i.e.,
chondroinductive) and promote cartilage regeneration without the fear of immunogenicity
of naturally-derived components, the high cost of surgical and cell therapy procedures,
and the potential variability of extracellular matrix (ECM) products. Such device-only,
synthetic chondroinductive materials would provide a safe, cost-effective, and

translational approach toward successful true hyaline cartilage regeneration.

Two main promising categories of synthetic chondroinductive materials are
currently recognized, small molecules and peptides, of which peptides will be the focus
of this review. Chondroinductive pathways of stem cells are initiated via protein-protein
interactions (i.e., between cell surface receptors, growth factors, and extracellular matrix
proteins). The small binding pocket of the cell membrane protein or the binding ligand of
the exogeneous protein may be identified and generated as a peptide to trigger a given

pathway, even without the ligand protein. The particular binding pocket may additionally

7



be triggered with small molecules, only if the binding site has a defined “hot spot” to
target.?® However, protein-protein interactions can be wide and have more than one “hot
spot” to target. Therefore, many protein-protein interactions remain as “undruggable” by
the small molecules.®® Peptides, by covering the wide binding pocket and interacting with

the “hot spots” may be more specific and more effective.’

Small molecules have been widely investigated for their ability to induce stem cell
differentiation, chondrocyte proliferation, and to maintain chondrocyte proliferation. A
recent review by Li et al.3? provided an extensive list of natural and synthetic small
molecules that have been evaluated for their applications in cartilage tissue engineering
and regeneration. Among the reported synthetic small molecules, KA-3433 (kartogenin
analog) and lorecivivint**-38 (SM04690) may perhaps be the most promising so far.
Lorecivivint is already in phase 3 clinical trials as a disease-modifying osteoarthritic drug
(DMOAD),*® whereas KA34 has a phase 1 trial completed, but no results or plans for

phase 2 are yet published.

On the other hand, several peptides have been studied for their chondroinductive
potential, and a few reviews**? have addressed the use of these peptides. A previous
review from our group provided a concise review of chondrogenic peptides related to cell-
adhesion sequences.*? Liu et al.*? focused on the different applications of peptides in
cartilage regeneration and distinguished peptides based on their function (e.g.,
transforming growth factor (TGF)-B mimics, affinity, cell-penetrating, self-assembly, and
degradable peptides).*® Gonzalez-Fernandez et al.*' focused on materials used for

musculoskeletal regeneration and listed peptides that can be employed for

8



chondrogenesis, osteogenesis, and myogenesis.*' However, the previous reviews did not
provide a clear distinction between peptides that are chondrogenic and those that
facilitate or synergize with other factors to induce chondrogenesis. Additionally, none of
the previous reviews highlighted the in vitro controls and animal models used to evaluate
the chondroinductive potential of peptides. The current review provides a comprehensive
overview of peptides involved in cartilage regeneration, with an emphasis placed on the
in vitro and in vivo controls, animal models, and defect types used to evaluate the
peptides. Figure 2.1 presents an overview of the different sources of peptides reported
to be used for cartilage regeneration. Additionally, we divide peptides into 2 categories,
the first includes peptides reported to be chondroinductive without the addition of growth
factors in vitro or in vivo. The second category includes peptides that were reported to be
used in cartilage regeneration, but where chondrogenesis was only observed in the
presence of growth factors. Tables 1 and 2 provide a summary of in vivo and in vitro
studies, respectively, for peptides reported to exhibit chondroinductive activity. Tables 3
and 4 provide a summary of in vivo and in vitro studies, respectively, for peptides reported

to be used in cartilage regeneration.

Finally, we aim from this review to highlight the currently existing peptides capable
of inducing chondrogenesis and to emphasize the gaps that need to be filled to drive the

field of synthetic chondroinductive biomaterial devices forward.

CK2.1 (QIKIWFQNRRKWKKMVPSDPSYEDMGGC)
In 2017, two studies were reported by Akkiraju et al.*34* that addressed the

regenerative potential of peptides inspired by the protein-protein interaction between the
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protein casein kinase Il (CK2) and the bone morphogenetic protein (BMP) receptor type
la (BMPRIa). CK2 is bound to the intracellular domain of BMPRIa, but is released inside
the cell when BMPRIa binds to BMP-2, with the release of CK2 playing a role in
downstream signaling in carrying the BMP-2 signal forward. CK2.1, CK2.2, and CK2.3
peptides were designed with the intent to block the BMPRIa-CK2 interaction by binding
to CK2 intracellularly, thereby keeping CK2 in circulation within the cell to maintain the
downstream signaling as it does when the cell is bound to BMP-2.4% In the first study,*3
the peptides were designed with the Antennapedia homeodomain signal sequence
(QIKIWFQNRRKWKKMVPSDP) for cellular uptake. The authors evaluated the effect of
the three CK2 peptides on chondrogenesis, and among these three peptide variants, only
CK2.1 exhibited a chondrogenic potential. Specifically, CK2.1-stimulated C3H10T1/2
cells showed an increase in proteoglycan and collagen Il synthesis equivalent to that of
the BMP-2 positive control, as indicated by Alcian blue and immunostaining. Notably,
immunostaining indicated a lower expression of collagen X and osteocalcin hypertrophy
markers as compared to BMP-2-treated cells. Interestingly, and in contrast, BMP-2,
CK2.2, and CK2.3 all induced mineralization in the C3H10T1/2 cells, but CK2.1 did not.
Therefore, CK2.1 appeared to be selective for chondrogenesis, whereas CK2.2 and
CK2.3 appeared to be selective for osteogenesis. It is unclear why this contrast among
these three peptide variants was observed, given that all three were designed to operate

via the same mechanism (i.e., inhibiting CK2 binding to BMPRIa).

For an in vivo evaluation with CK2.1, the authors then performed a systemic

injection of CK2.1 into the tail vein of C57BL/6J mice that resulted in enhanced articular
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cartilage formation around the femurs. Increased articular cartilage formation based on
Saf-Offast green staining and collagen Il and IX immunostaining was observed at levels
equivalent to a BMP-2 positive control. Furthermore, an increase in expression of the

hypertrophy marker collagen X was observed with BMP-2 but not with CK2.1.43

In the second study, Akkiraju et al.** evaluated the performance of CK2.1 when
conjugated to hyaluronic acid hydrogel particles (HGP) in a mouse intra-articular injection
model. An induced OA-like condition was created by destabilization of the medial
meniscus (DMM). Mice receiving intra-articular injections of HGP-CK2.1 following OA
showed higher levels of collagen Il and IX immunostaining along with low immunostaining

of collagen X and osteocalcin as compared to PBS and HGP controls.*4

CK2.1 appears to be a promising and potentially chondroinductive peptide,
although it was employed as a drug as opposed to in a regenerative medicine context.
l.e., CK2.1 was delivered as a drug via intra-articular injection in an OA model, as
opposed to being conjugated to a material to fill a cartilage defect. Therefore, future
studies could perhaps investigate the performance of this CK2.1 peptide in a full articular
cartilage defect model as compared to a positive control to fully establish its
chondroinductive potential. However, given that the proposed mechanism of action with

CK2.1 is intracellular, it is unclear how CK2.1 might fare in such an approach.

HSNGLPL
HSNGLPL was discovered in 2010 by phage display as a peptide sequence with
binding affinity to TGF-B1.6 Shah et al.*® engineered a self-assembling peptide

amphiphile (PA) molecule, specifically a TGF-binding PA (TGFBPA) that formed
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nanofibers with a high density of TGF-31 binding epitopes exposed on the surface. The
TGFBPA included the HSNGLPL sequence inside of the sequence of
HSNGLPLGGGSEEEAAAVVV(K)-CO(CH2)10CHs.  These  amphiphilic  molecules
assembled into hydrogels comprised of an interconnected network of nanofibers in the

presence of calcium chloride.

In vitro analysis with human mesenchymal stem cells (we assume from bone
marrow) showed that one TGFBPA group exhibited higher aggrecan gene expression
levels after 4 weeks of culture relative to a filler control (i.e., similar to TGFBPA except
without the HSNGLPLGGGS (the TGF binding domain) of the sequence), but only when
cultured with TGF-B1, as no difference was identified between the TGFBPA groups and
the filler control group in the absence of TGF-B1. Time points from 2 to 4 weeks for all
groups containing TGF-B1 showed similar upregulation over time regardless of whether
they were the TGFBPA groups or the filler PA group. As for GAG production, there was
no difference observed between the TGFBPA and filler PA groups in the presence of
TGF-B1 after 3 weeks. Moving in vivo with rabbits, 2 mm diameter, full-thickness chondral
defects were created in the femoral trochlear groove and followed by microfracture. In
this 12-week study, there were four groups: TGF-B1 alone, the filler PA hydrogel + TGF-
B1, the TGFBPA hydrogel + TGF-31, and the TGFBPA hydrogel alone. There was no
sham (i.e., unfilled, microfracture-only) control. Based on gross morphology, collagen Il
immunostaining, and GAG staining by Saf-O, it appeared the two groups with the
TGFBPA hydrogel achieved superior regeneration. Notably, although there was no

functional mechanical testing of regenerated cartilage, the TGFBPA hydrogel group
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achieved excellent structural regeneration without TGF-31. In retrospect, a group of the

filler PA hydrogel without TGF-B1 would have been a valuable point of comparison.*6

In 2018, Chen et al.*’ incorporated the HSNGLPL peptide at high concentrations
into a porous chitosan sponge scaffold via a carbodiimide linker, and investigated the
chondrogenic differentiation of porcine bone marrow-derived MSCs in vitro and in vivo.
For the in vitro studies, the chitosan sponges were pre-loaded with TGF-31 for 3 hrs
before culturing in TGF-B1-free medium. Scaffolds with the highest peptide concentration,
i.e., a chitosan to peptide mass ratio of 10:3, exhibited the highest gene expression levels
of SOX9, collagen Il, and aggrecan, even outperforming the positive control group (i.e.,
chitosan and TGF-31 without peptide). In contrast, collagen X gene expression was not
upregulated compared to the chitosan material negative control or positive control. It
remains unknown how the HSNGLPL-conjugated chitosan scaffolds would have
performed without the preloading of TGF-B1, which would be an appropriate comparison

in future investigations.

In vivo, the authors evaluated the chitosan-HSNGLPL (10:3 mass ratio) scaffolds
in a rabbit model with 4 mm diameter and 4 mm deep osteochondral defects in the femoral
trochlear groove. There were three groups: a negative sham (i.e., empty defect) control,
the chitosan scaffold alone, or the 10:3 chitosan-HSNGLPL scaffold. Cartilage
regeneration was assessed after 3 and 6 months. The chitosan group alone appeared to
have a detrimental effect compared to the sham control, and the addition of the peptide
appeared to ‘rescue’ the performance of the chitosan scaffold to put the regeneration

more back on par with the negative control. The authors noted that the International
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Cartilage Regeneration & Joint Preservation Society (ICRS) scores were higher in the
peptide group than in the negative sham control, but these results were not indicated to
be statistically significant, perhaps due to the low sample number (i.e., n = 3) or the
relative standard deviations. Nevertheless, the Saf-O staining showed a fairly consistent
and continuous staining across the surface in the peptide group that was not as apparent

in the negative control.

The intriguing question would be how the HSNGLPL peptide, which may have
rescued the detrimental performance of chitosan alone, may fare under different
circumstances such as conjugation to a different material, or if placed in a more weight-
bearing region (e.g., femoral condyles), or if placed in a chondral-only defect instead of

osteochondral.

In summary, the HSNGLPL peptide has shown some promise in vitro in
conjugation to chitosan scaffolds but required a pre-loading of TGF-B1 to achieve this
effect and has shown some promise in vivo in rabbit trochlear groove defects as a self-
assembling hydrogel (2 mm diameter chondral-only defects with microfracture) or via
conjugation to chitosan sponges (4 mm diameter osteochondral defects). However,
further evaluation will be required before conclusions can be drawn for this TGF-B1-
binding peptide. Specifically, the TGFBPA group was not compared to a filler PA control
group, so it could not be determined whether the peptide itself was responsible for the
quality of regeneration in the absence of TGF-B1. In the chitosan scaffold, the peptide
may have helped to recover the detrimental performance of chitosan, but it remains to be

seen whether the peptide in another biomaterial or defect type/location would significantly
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outperform a negative sham control. Moreover, functional mechanical testing (e.g.,
indentation stress relaxation), would be a valuable addition to future outcome analyses.*®

Further investigation of this intriguing peptide is warranted in cartilage regeneration.

HAV
His-Ala-Val (HAV) is a conserved sequence in the first extracellular domain
(ECD1) of N-cadherin, a transmembrane protein that plays a vital role in cell-cell
interactions during mesenchymal condensation, a prerequisite to cartilage formation.
Synthetic peptides containing the HAV domain have been shown to possess N-cadherin—

like binding activity.49:50

In 2013, Bian et al.>' incorporated HAV (as HAVDIGGGC) into a methacrylated
hyaluronic acid (HA) hydrogel and evaluated the role of the functionalized hydrogel in the
chondrogenic differentiation of encapsulated hBMSCs (we assume from bone marrow).
In a 28-day culture period in chondrogenic medium containing TGF-B3, the gene
expression of collagen Il, aggrecan, and SOX9 in the cadherin peptide group on days 1
and 3 was significantly higher than the control and scrambled groups; however, by day 7,
there were no significant differences among the groups. Following 28-day culture with
hBMSCs, peptide-functionalized hydrogels possessed higher GAG and collagen content
relative to the control and scrambled groups. The stand-alone chondroinductivity of HAV

was not evaluated, as the medium for each group contained TGF-£33.

Moving in vivo with nude mice, the subcutaneous injection of HAV-functionalized
hydrogels along with TGF-B3-loaded microspheres and hBMSCs resulted in a higher

content of GAGs and collagen compared to the control and scrambled groups and more
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intense staining of collagen Il and chondroitin sulfate. The authors concluded that there
was an enhancement of early chondrogenesis of BMSCs and cartilage-specific matrix
production.®” We emphasize that the stand-alone chondroinductivity of HAV was not
evaluated, but instead its ability to enhance the chondrogenesis of TGF-B3 was

evaluated, and indeed the data supported an enhancement.

In 2016, Vega et al>? used single-cell imaging to demonstrate that the
incorporation of the HAV peptide augments the [-catenin recruitment to the cell
membrane in hMSCs (we assume from bone marrow), followed by translocation to the
nucleus.? In a follow-up study by the same group in 2018, Kwon et al.>® investigated the
effect of dosage and timing of the HAV peptides in HA hydrogels in the presence of TGF-
B3 and showed that the effect of these N-cadherin peptides strongly depended on the
dosage. Specifically, a dose-dependent increase in collagen Il gene expression was
observed during the first 7 days of culture; however, there were no significant differences
among groups (including the peptide-free negative control) at 14 days. Following 56 days
of culture, increased levels of GAGs and collagen Il staining in HAV-containing groups
was observed as compared to unfunctionalized HA groups and scrambled peptide
groups.®® As highlighted by the authors, the chondroinductive potential of HAV alone
without any additional growth factors is still an area to investigate, given that TGF-33 was

included with all groups.

In 2019, Cimenci et al.>* designed a self-assembling amphiphilic peptide nanofiber
system containing the HAV peptide to induce the chondrogenic differentiation of rat

BMSCs. The nanofiber systems' activity was evaluated by seeding rat BMSCs on HAV-
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nanofibers, non-bioactive nanofibers, or uncoated tissue culture plates (TCP) in a
commercially available chondrogenic medium. Saf-O staining and DMMB assay indicated
that cells cultured on HAV-nanofibers exhibited abundant GAG accumulation after culture
for 14 days compared to cells cultured on non-bioactive nanofibers, and TCP. Gene
expression analysis indicated an increase in collagen I, aggrecan, and SOX-9 expression
on days 3, 7, and 14 in cells cultured on HAV-nanofibers compared to cells cultured on
non-bioactive nanofibers and TCP. The authors concluded that the HAV peptide and

nanofiber system facilitated chondrogenesis.>*

In 2020, Feng et al.>® fabricated an HAV-conjugated, aggrecanase-1 cleavable
hydrogel and evaluated its regenerative potential in a rabbit osteochondral defect model.
HAVDIGGGC peptide was conjugated into a hyperbranched PEG-based multi-acrylate
polymer (HBPEG) and mixed with aggrecanase-1 cleavable peptide (ACpep) and
cysteamine-modified chondroitin sulfate (CS) to form (HAV-HBPEG)-CS-ACpep
hydrogels. Rabbit BMSC-encapsulated hydrogels were evaluated in a rabbit model with
4 mm diameter and 4 mm deep osteochondral defects in the patellar groove. There were
three groups: a negative sham control, the (HAV-HBPEG)-CS-ACpep with rabbit BMSCs,
or HBPEG-CS-ACpep (with no HAV) with rabbit BMSCs. The repair potential of the
hydrogels was evaluated after 12 weeks and 18 weeks. Based on the gross
morphological view, u-CT imaging, and histological analysis the subchondral bone was
partially repaired after 12 weeks and fully repaired after 18 weeks in all three groups, with
higher bone volume and mineral content in the HAV-conjugated hydrogel group. As for

the cartilage layer, immunostaining indicated that after 12 weeks, the HBPEG-CS-

17



ACpep/BMSCs hydrogel group exhibited more collagen Il deposition than collagen | and
more intense GAG staining by Saf-O, and periodic acid-Schiff (PAS) staining, as
compared to the sham and HAV-conjugated hydrogel group. Interestingly, after 18 weeks
the HAV-conjugated group exhibited intense Saf-O and PAS staining, indicating abundant
deposition of GAGs and glycoproteins, in addition to intense collagen Il immunostaining
with no collagen | immunostaining as compared to sham and HAV-free groups.®® The
presence of aggrecanase 1 cleavable peptide and HAV peptide appeared to have had a
synergistic effect to enhance cartilage regeneration. It would have been interesting to
evaluate the hydrogel's regenerative potential in the presence and absence of each of

the components, i.e., CS, HAV peptide, and aggrecanase 1 degradable peptide.

In 2021, Mohammed et al.®® designed self-assembling hydrogels with tunable
mechanical stiffness based on five different peptide sequences that mimicked the HAV
motif with fluorenylmethyloxycarbonyl (Fmoc) as an aromatic assembling group into
fibrillar structures. The five peptide sequences were Fmoc-GGHAV, Fmoc-GGHAVD,
Fmoc-GGHAVS, Fmoc-GGHAVDI, and Fmoc-GGHAGDI. The chondroinductive potential
of the soluble peptides and self-assembled peptide hydrogels was evaluated with hMSCs-
3A6 cells. After 21 days in culture, the Fmoc-GGHAVDI peptide solution group exhibited
the highest gene expression of collagen Il compared to other peptide solutions and
chondroinductive medium (containing TGF-B1). Aggrecan gene expression was
equivalent between all peptide groups; SOX-9 gene expression was mainly increased
with chondroinductive media alone and with Fmoc-GGHAVDI. However, when hMSCs-

3A6 cells were encapsulated in the peptide hydrogels, the Fmoc-GGHAVS with greater

18



stiffness resulted in more intense Alcian blue staining indicating increased GAG
deposition, and a significant increase in collagen Il /collagen | ratio as compared to other

peptide hydrogels.

In 2021, Teng et al.®” synthesized functionalized a methacrylated hyaluronic acid
hydrogel (MeHA) as a matrix for hBMSC chondrogenesis. Six hydrogel groups were
synthesized: MeHA alone as a control (HA), MeHA+RGD (RHA), MeHA+HAV (HHA),
MeHA+RGD+HAV (HR), HR loaded with kartogenin (K@HR), and HR hydrogel with KGN
encapsulated in PLGA microspheres (K@PM-HR). Following 14 days of culture in
chondrogenic medium, gene expression analysis indicated that the HR group significantly
upregulated the gene expression of aggrecan, collagen Il, and SOX-9, compared to
MeHA alone and MeHA functionalized with a single peptide. The kartogenin groups
(K@HR and K@PM-HR) resulted in a significant increase in gene expression of
aggrecan, collagen II, and SOX-9. As for matrix synthesis, a significant increase in GAG
content (DMMB assay) and collagen Il content (hydroxyproline assay) was observed with
all RGD functionalized groups as compared to HA and HHA. At 28 days, HR hydrogels
significantly upregulated the gene expression of aggrecan and collagen |l as compared
to HA and HHA hydrogels. Interestingly, the K@PM-HR group resulted in the highest
gene expression of aggrecan, collagen Il, Sox-9, and collagen X. The GAG and collagen
contents in all RGD functionalized groups were significantly higher than HA and HHA

groups.

Transitioning to in vivo, the subcutaneous injection of HA, HR, K@HR, or K@PM-

HR in nude mice showed after 56 days that the GAG (DMMB assay) and collagen
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contents (hydroxyproline assay) were significantly higher in the kartogenin groups as
compared to the HA and HR groups with the highest collagen content being for K@PM-
HR. Additionally, a significant increase in GAG and collagen content was observed with

the HR group as compared to the MeHA control group.

In summary, the HAV peptide was shown to be promising in vitro; however, it has
been evaluated in the presence of TGF-B3 or TGF-B1, so it remains unknown whether
the peptide alone is capable of chondroinduction. In vivo, the subcutaneous studies in
nude mice suggested that the HAV peptide has enhanced chondroinduction in the
presence of TGF-B3 or kartogenin. In the rabbit osteochondral defect study, the HAV
peptide appeared to be promising when combined with aggrecanase 1 cleavable
hydrogels. Additional evaluation will be required to determine whether the peptide alone
or in combination with other biomaterials would be chondroinductive. Based on the
studies performed so far, the major application of the HAV peptide is to facilitate

chondrogenesis by enhancing cell-cell interactions.

Cytomodulins-(CM)

Cytomodulins (CMs) are TGF-B1 mimicking peptides that have been reported to
exhibit TGF-B1-like activity by enhancing the expression of collagen | and improving the
wound healing effect of fibroblasts.%® The original source of these “cytomodulins” can be
traced back to patents from the late 1990s,5°%:60 which perhaps were meant to mimic a 8
bend in the protein, as the sequences of LIANAK (a.k.a. cytomodulin 10 or CM-10) and
ANVAENA (a.k.a. cytomodulin 1, or CM-1) do not actually appear in TGF-B. In 2015,

Zhang et al.®' conjugated the CM-10 (LIANAK) peptide to functional nanofibrous hollow
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microspheres (FNF-HMS), which were leveraged as a delivery system for the CM-10
peptide. The microspheres were made from a poly(L-lactic acid) (PLLA)-based block
copolymer. 3-week culture of CM-10-functionalized microspheres with rabbit BMSCs
resulted in positive Saf-O staining, and the appearance of round cells encased in lacunae,
suggesting chondrogenic differentiation of rabbit BMSCs as compared to a material-only
control and in the absence of additional growth factors. Moving then to a 2-week in vivo
study, the subcutaneous injection of CM-10-functionalized microspheres in mice, along
with rabbit BMSCs, resulted in ectopic cartilage-like tissue formation as demonstrated by
intense Saf-O staining of GAGs and collagen Il immunostaining, with no apparent
mineralization, as compared to no cartilage formation in the material control .

In 2019, Park et al.52 used a click-crosslinked hyaluronic acid (Cx-HA) hydrogel as
a scaffold, and physically loaded or covalently linked CM-10 to the hydrogel and tested
the chondrogenic potential of both on human periodontal ligament stem cells (hPLSCs).
In vitro culture of hPLSCs for 4 weeks with soluble CM-10 or TGF-B (type 1/2/3 not
specified) chondrogenic medium showed increased staining of collagen Il and GAGs as
compared to the peptide-free medium. Furthermore, hPLSCs cultured for 4 weeks with
soluble CM-10 exhibited an increased gene expression of SOX9, aggrecan, and collagen
Il at a comparable fold increase to a positive control TGF- group. Transitioning to an in
vivo study, hPLSCs and hydrogels were subcutaneously injected in mice, with three
groups being the HA hydrogel alone, with CM physically entrapped, or with the CM
conjugated. There was no TGF-f3 positive control for this in vivo study. The CM was much

more effective when conjugated than when included in soluble form. Specifically,
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increased staining of collagen Il and GAGs and increased gene expression of SOX9,
aggrecan, and collagen Il, was observed for the covalently-linked CM group relative to
the physically loaded CM and peptide-free hydrogels. Worth-mentioning is that Park et
al.%2 refer to the peptide as cytomodulin-2; however, the sequence of the peptide provided
in the paper is LIANAK which is that of CM-10, and CM-2 is LIAEAK as per Lam et al.58
In summary, the TGF-B mimicking peptide CM-10 demonstrated upregulation of
chondrogenic markers both in vitro and in vivo (subcutaneous injection in mice) relative
to negative controls. However, comparison to a TGF-3 positive control was generally
absent with the exception of one in vifro study that demonstrated chondrogenesis
comparable to TGF-B. The CM-10 peptide may be a promising peptide that warrants

investigation in an in vivo cartilage defect study.

B2A

B2A (a.k.a. B2A2-K-NS) is a synthetic multidomain peptide ((H-
AISMLYLDENEKVVLKK(H-AISMLYLDENEKVVLK)-Ahx-Ahx-AhxRKRLDRIAR-NH2)
that was recognized as a BMP-2 receptor modulator by Lin et al.® in 2005. The B2A
design includes a heparin-binding domain (RKRKLERIAR), a hydrophobic domain, and a
receptor-targeted domain (AISMLYLDENEKVVL), with binding to both type | and I
receptors, with selectivity for BMPR-Ib. B2A was found to enhance BMP-2 activity in vitro
synergistically and was hypothesized that it might improve bone repair. Knowing the role
of the BMP pathway in chondrogenesis, Lin et al.54 evaluated the chondrogenic potential
of B2A peptide in vitro and in vivo. Polymerase chain reaction (PCR) array analysis of

B2A-treated murine multipotential embryonic stem cell line C3H10T1/2 cells showed
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significant upregulation of fibroblast growth factor receptors 1 and 2 (Fgfr1, Fgfr2) and
moderate upregulation of Fgf1 genes. The upregulation of matrix genes (collagen | and
Il), and Smad1, Smad4, and Twist1 genes was additionally observed compared to the

peptide-free group.

Furthermore, Alcian blue and collagen Il staining indicated that B2A stimulated the
production of GAGs and collagen Il in hBMSC and human chondrocytes (passage
number not identified) in micromass culture. Transitioning to an in vivo rat model, the
authors evaluated the activity of B2A by performing a pilot study in a chemically-induced
OA model. Following induction of OA, rats were injected intra-articularly with either saline
or 500 ng of B2A. There appeared to be a significant repair of articular cartilage in the

B2A-treated group vs. saline group based on H&E and Saf-O staining.%

In summary, it appears there may be some chondroinductive effect with B2A in
vitro, and some chondroprotective effect in a rat OA model, but it remains to be seen

whether B2A would elicit a chondroinductive effect in a cartilage defect model.

SPPEPS
In 2019, we identified the SPPEPS peptide as a similar sequence between two
chondroinductive molecules, aggrecan and the TGF-B3 pro-protein.?® The
chondroinductive potential of SPPEPS was assessed with rat BMSCs, and it was
determined that the soluble peptide at 100 ng/mL increased the expression of collagen Il
as compared to the negative control with negligible cytotoxic effects. In addition,
proteomic analysis revealed that after 7 days in culture, the insulin signaling pathways

were activated through the GSK-3B gene, which is involved in the maintenance of
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chondrocyte phenotype and cartilage extracellular matrix, in both SPPEPS and positive
control groups. In addition, collagen Il expression was increased when rat BMSCs were
cultured on the surface of pentenoate-functionalized hyaluronic acid (PHA) hydrogels
when a combination of both SPPEPS and the adhesion peptide RGD was provided,
relative to either peptide alone. The SPPEPS peptide may be a promising peptide;

however, additional studies are required to confirm its chondroinductive potential.®®

Link N (DHLSDNYTLDHDRAIH)

Link N peptide was first discovered in 1993 by Martin and Dean®® by enzymatic
cleavage of the link protein, and it was hypothesized that Link N might play a role in
proteoglycan synthesis regulation. In 2003, Mwale et al.?” reported that Link N peptide
stimulated the production of proteoglycans, collagen Il, and IX in intervertebral (IVD)
pellet-cultured cells. Similarly, Wang et al.58 investigated the effect of Link N peptide in an
ex vivo 3D culture of rabbit IVD cells. Real-time PCR, ELISA, and western blotting
confirmed that Link N protein significantly upregulated the gene expression and synthesis
of SOX9, aggrecan, and collagen Il as compared to a negative control and a scrambled
peptide group. The authors showed that Link N peptide interacted with BMP-RII receptor
and significantly increased the protein production of BMP-4 and BMP-7, but not BMP-2

or BMP-6.

In 2018, He et al.?® studied the effects of Link N protein on the proliferation and
chondrogenic differentiation of rat cartilage stem/progenitor cells (CSPCs). In vitro, the
2D culture of CSPCs with increased concentrations of Link N protein (0-500ng/mL)

resulted in increased gene expression of SOX9, collagen Il, and aggrecan, with no
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increase in Runx2 or collagen X expression as compared to peptide-free groups. 3D pellet
culture showed that Link N stimulated the chondrogenic differentiation of CSPCs, based
on collagen Il and SOX9 immunostaining; however, the best performance was for the

peptide + TGF-B3 group as compared to peptide-free and peptide groups.

GFOGER
The GFOGERGVEGPOGPA peptide was identified in 1998 as a sequence of
residues 502-507 of the a1 collagen chain, located in the a1(I)CB3 fragment, based on
its high binding affinity to a2B1 integrin.”® In 2000, Knight et al.”’ determined that the
actual recognition site is mainly in the sequence GFOGER and that this peptide sequence
signifies a high-affinity binding site in collagen | and IV for a231 integrin, and in collagen

| for a1B1 integrin.

In 2010, Liu et al.”® incorporated a collagen mimetic peptide (CMP) containing
GFOGER into a PEG hydrogel and evaluated its chondroinductive potential with
encapsulated hBMSCs. In the presence of TGF-B3, peptide-containing hydrogels
promoted the chondrogenesis of hBMSCs indicated by the enhanced staining of GAG,
collagen Il, and aggrecan as compared to peptide-free hydrogels. Gene expression
analysis showed an upregulated of SOX9 and downregulation of collagen X. Based on
the in vitro data, the authors concluded that the presence of GFOGER induced

chondrogenic activity in the presence of TGF-B3 and prevented or delayed hypertrophy.

In 2014, Mhanna et al.”® incorporated GFOGER and MMP-sensitive motifs into
PEG hydrogels, creating a functionalized degradable hydrogel, and compared the

chondroinductive potential of this hydrogel with RGD-functionalized hydrogels and MMP-
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free (non-degradable) hydrogels. In the presence of TGF-B3, GFOGER-modified
degradable gels provided the highest h(BMSCs proliferation rate, as compared to peptide-
free gels and RGD-gels. GAG and DNA content was higher but not statistically significant
in the GFOGER-modified degradable gels as compared to peptide-free and RGD
hydrogels. Gene expression of collagen Il was highest in GFOGER-modified degradable

gels as compared to peptide-free gels.

Worth mentioning is that the GFOGER was used as a PCL scaffold coating to
enhance bone formation.”* Reyes et al.”® coated titanium surfaces with GFOGER to
promote a2B1 integrin binding and found that the presence of GFOGER triggered
osteoblastic differentiation and mineral deposition in bone marrow stromal cells in an
osteogenic medium, as compared to peptide-free titanium. Recently, Clark et al.”® found
that GFOGER-functionalized hydrogels based on 4-arm PEG macromers with terminal
maleimide groups (PEG-4MAL) hydrogels prolonged hBMSC survival and improved bone

repair in a mouse model.

In summary, GFOGER appears to elicit a favorable response, but since both bone
and cartilage regeneration studies report favorable outcomes, the real question is how it

may perform in vivo and whether osteogenesis versus chondrogenesis would be favored.

KIPKASSVPTELSAISTLYL
KIPKASSVPTELSAISTLYL was identified in 200377 as a potential candidate to
improve bone formation, and it represents residues 73-92 of BMP-2’s knuckle epitope. In
2012, Renner et al.”® evaluated the effect of KIPKASSVPTELSAISTLYL on hMSCs (we

assume from bone marrow), and observed an increased production of GAGs relative to
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the negative control and at a value comparable to the BMP-2 positive control; however,
when added with TGF-33, this BMP-2-inspired peptide did not increase GAG production.
A hydroxyproline assay showed a significant increase in total collagen with the
KIPKASSVPTELSAISTLYL-treated cells but at levels lower than the BMP-2 positive
control. Interestingly, KIPKASSVPTELSAISTLYL did not increase the alkaline
phosphatase (AP) activity or collagen | deposition as compared to BMP-2 treated cells.
Gene expression analysis showed an upregulation of aggrecan, COMP, and collagen |l
as compared to the negative control yet a reduced effect as compared to BMP-2 and
TGF-3. In 2013, a follow-up paper from the same group confirmed that
KIPKASSVPTELSAISTLYL stimulated GAG production in hBMSCs to levels comparable
to the positive control and in a full-factorial experiment, KIPKASSVPTELSAISTLYL

stimulated GAG production without the need for other peptides or growth factors.”®

RYPISRPRKR and YKTNFRRYYRF
RYPISRPRKR (termed “HAbind” by the authors) is a peptide derived from the HA-
binding region of link protein. Link protein stabilizes the interaction between hyaluronic
acid and the core protein of individual aggrecan molecules to form large aggrecan
complexes in articular cartilage.8%8!' YKTNFRRYYRF (termed “CSbind”) was discovered
by peptide array screening as a sequence that binds chondroitin 6-sulfate (C6S) and it

was found to block the inhibitory activity of C6S on neurite outgrowth.8?

In 2015, Parmar et al.83 synthesized a biodegradable hydrogel from recombinant
streptococcal collagen-like 2 (Scl2) proteins, functionalized with HAbind and CSbind

peptides, and crosslinked with matrix metalloproteinase 7 (MMP7)-sensitive peptide. The
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authors evaluated the chondrogenic differentiation of encapsulated human BMSCs, and
in the presence of TGF-B3, both HAbind-MMP7-Scl2 and CSbind-MMP7-Scl2 hydrogels
enhanced the gene expression of collagen Il, aggrecan, and SOX9 in hBMSCs, with the
highest gene upregulation of chondrogenic markers being for HAbind-MMP7-Scl2 at 10%
functionalization as compared to unfunctionalized hydrogels. Collagen | and X gene
expression was significantly lower in HAbind-MMP7-Scl2 and CSbind-MMP7-Scl2 as
compared to unfunctionalized hydrogels. Furthermore, biochemical assays indicated that
total collagen, GAG, and DNA content were highest for the HAbind (10%)-MMP7-Scl2

hydrogels as compared to all other groups.

GRVDWLQRNANFYDWFVAELG (insulin peptide)

GRVDWLQRNANFYDWFVAELG peptide was created by phage display and
recognized by its affinity for insulin receptor and thought to mimic IGF-1.24 In 2013,
Renner and Liu.” investigated the chondrogenic effect of the insulin peptide in soluble
form on human MSCs (we assume from bone marrow). In the presence of insulin and
TGF-B3, the insulin peptide treatment resulted in an increased production of GAG as
compared to the TGF-B3 positive control. Interestingly, the insulin peptide was combined
with the TGF-B1-inspired peptide (ANVAENA) to mimic the synergy observed between
the insulin peptide and full-length TGF-B3 protein; however, the presence of both peptides
resulted in a decrease in GAG production as compared to having one peptide only. The
authors hypothesized that this effect might have been due to a change in experimental
conditions (culture time, passage number, rBMSCs expansion conditions), or it may be

that the TGF-B1 peptide acted on different pathways than TGF-33.
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Other peptides

Several peptides have been reported to be used for cartilage regeneration, which
are summarized in Tables 4 (in vivo studies) and 5 (in vitro studies). Among these
peptides are self-assembling peptides such as KLD®-% and RADAB%°" (commercially
available as PuraMatrix™), which may provide chondro-supportive scaffolds, but were
not designed specifically for chondroinduction. /n vivo evaluation of KLD peptide in a full
thickness cartilage defect rabbit model®® showed that the KLD hydrogel alone resulted in
significantly more intense Saf-O staining and collagen type Il immunostaining as
compared to KLD hydrogels containing chondrogenic factors or BMSCs. However, a later
study performed in a 15-mm-diameter cartilage defect equine model® showed that KLD
treatment improved the clinical outcome and filling. However, there were decreased levels
of aggrecan and collagen type Il, resulting in a poor repair tissue quality compared to

MF .8

E7 peptide (EPLQLKM), identified in 2012, is a strong MSC affinity peptide
candidate. A biphasic scaffold made of demineralized bone matrix (DBM) and chitosan
(CS) hydrogel was functionalized with E7 and implanted in an osteochondral defect rabbit
model in combination with MF.%® The E7-functionalized scaffolds resulted in superior
cartilage regeneration with no signs of hypertrophy relative to MF and unfunctionalized
control scaffolds.®® In another study by the same group,®* DBM particles were
functionalized with E7 and combined with CS hydrogel (DBM-E7/CS). DBM-E7/CS

scaffold implanted into the fossa iliaca subcutaneous region of athymic nude mice for 4
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weeks resulted in the formation of a translucent cartilage-like tissue superior to that

generated by material control groups (i.e., CS and DBM/CS).

WYRGRIL, a collagen Il affinity peptide, and KLER, a decorin-derived peptide, were
evaluated for their chondroinductive potential in vitro and in vivo through subcutaneous
injection in a mouse model.®> These peptides were not found to be attractive for collagen
Il deposition. KLER was additionally assessed in 2009% and was found to promote
chondrogenesis of hBMSCs in chondrogenic medium (+TGF-B1) when combined with
RGD in a poly(ethylene glycol) (PEG) scaffold, as compared to control medium and
scrambled peptide group. However, no chondroinductive activity was observed in the

absence of TGF-f31.

ANVAENA, like CM-10 (reviewed above) is a TGF-B1-inspired peptide. ANVAENA
was evaluated for its chondroinductive potential with hBMSCs in its soluble form, but
unlike CM-10, it was found to decrease the synthesis of GAGs as compared to a negative

control.”®

Additionally, GTPGPQGIAGQRGVYV (termed P15 by the authors) is a collagen |
inspired peptide that was found to enhance the commitment of C3H10T1/2 cells toward
the chondrogenic lineage in the presence of TGF-B.°” GPPDWHWKAMTH peptide
(termed R1-P1 by the authors) was inspired from FGFR1 and was found to exhibit
chondroprotective effects.?® CDPGYIGSR-modified scaffolds inspired by laminin
supported the proliferation of bovine knee chondrocytes (BKCs) and increased GAG and
collagen content.®® Interestingly, a lot of progress has been made in the past few years

with several laminin-mimetic peptides including YIGSR to modulate the behavior of the
30



nucleus pulposus (NP) of the intervertebral disc (IVD)in terms of cell attachment,
morphology, signaling, and phenotype.'°-102 However, to the best of our knowledge, no
additional studies reported the chondroinductive potential of these peptides in vitro with

BMSCs or in vivo in a cartilage defect model in the absence of exogenous growth factors.

In addition to the previously discussed peptides, we highlight two additional
peptides, TPX-100 and Engedi1000, which are currently in clinical trials as DMOADs.
TPX-100 is a 23-amino acid peptide derived from matrix extracellular
phosphoglycoprotein (MEPE) that has been evaluated in clinical studies as a DMOAD. 193~
105 Based on a published abstract,% intra-articular injections of TPX-100 in goats resulted
in hyaline cartilage formation. The abstract mentioned that based on the performed

clinical trials, TPX-100 injections were safe, well-tolerated, and improved knee function. '

Engedi1000 (E1K) is a synthetic peptide from Ensol Biosciences Inc. (Daejeon,
South Korea), which is currently in phase 1 clinical studies at Seoul National University
Hospital.'®” The manufacturers claim that E1K blocks the Smad1/5/8 pathway, which
promotes degeneration of cartilage tissue, through blocking TGF-B1, and maintains the
Smad2/3 pathway that induces cartilage tissue regeneration. However, we have been
unable to locate peer-reviewed publications evaluating the activity of TPX-100 and E1K

peptides in full cartilage defect models.

Discussion
Among the peptides discovered to date, there exists great potential for synthetic
peptides to induce the chondrogenic differentiation of stem cells. It is no surprise that the

search for chondroinductive peptides has commonly been inspired by proteins that are
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known to play a role in chondrogenesis. TGF-1 or -3 are widely used to induce
chondrogenesis in vitro and are the most targeted growth factors with four peptides
reported: HSNGLPL, CM-10, and ANVAENA from TGF-1 and SPPEPS from both TGF-
B3 and aggrecan. HSNGLPL, which is a TGF-1 affinity peptide, seems promising based
on the in vivo cartilage studies done in the absence of any exogenous growth factors.
CM-10 looks promising as well; however, it has not yet been tested in a full articular
cartilage defect model in vivo. ANVAENA did not appear to be chondroinductive based

on the studies done so far.

BMP-2 is known to induce chondrogenesis and osteogenesis, and there are three
peptides reported to be inspired by BMP-2, which are B2A, KIPKASSVPTELSAISTLYL,
and CK2.1. Both B2A and KIPKASSVPTELSAISTLYL were initially identified for their
ability to enhance bone formation, and their chondrogenic potential was later assessed.
While there are no reported chondroinductive studies done in vivo for
KIPKASSVPTELSAISTLYL, this peptide did show an advantage in comparison to BMP-
2 in vitro as it did not lead to an increase of alkaline phosphatase (AP) activity or collagen
| synthesis. B2A was tested in vivo in a chemically induced OA model; however, there are
no reported studies in a full osteochondral defect model so far. CK2.1 is the most recently
investigated peptide, and as compared to BMP-2, this peptide enhanced articular
cartilage formation with no increase in collagen X expression following injection; however,
CK2.1 assessment in vivo was done in a DMM model only. Additional investigation is
necessary to fully identify the regenerative potential of these BMP-2-inspired peptides

and to decipher their mechanisms of action.
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Overall, there are a limited number of in vivo studies, and predominantly these are
studies where the peptide was delivered by injection, either systemically, intra-articularly,
or subcutaneously. Of the peptides designed to be chondroinductive, only two have been
implanted in a cartilage defect, which are HSNGLPL and HAVDI (Figure 2.2). The call to
action for the regenerative medicine community is therefore to evaluate chondroinductive

peptides in well-controlled cartilage defect studies in vivo.

While significant progress has been made in terms of cell therapy, scaffolds, and
growth factors in the regenerative medicine community, pharmaceutical companies have
been in a race to provide the first human-use approved DMOAD. However, the ultimate
breakthrough that can change the current standard of care (microdrilling) would be to
develop a cost-effective synthetic biomaterial that would regenerate true hyaline cartilage
without the addition of any exogenous cells or growth factors. Having clinical translation
in mind, such a biomaterial will be advantageous in terms of safety, cost, and regulatory
approvals. Furthermore, the discovery of synthetic chondroinductive materials would
potentially enhance currently existing treatments (e.g., MACI, MF) or set the stage for a

completely new treatment approach.

Synthetic chondroinductive agents are mainly small molecules or peptides. Small
molecules are mainly evaluated as DMOADs and are usually administered via intra-
articular injections, which can range from one to several injections over the course of
several weeks depending on the drug, which might be a limiting factor. On the other hand,
peptides evaluated for cartilage regeneration fall into two categories. In the 15t category

are peptides that are not designed to induce chondrogenesis, and in the 2" category are
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peptides that are designed to induce chondrogenesis. Category 1 includes peptides that
have yet to exhibit evidence of chondroinduction in the absence of a growth factor (e.g.,
WYRGRL, KLER, ANVAENA) and potential chondroprotective peptides (e.g.,
CDPGYIGSR). The first category additionally comprises promising self-assembling
peptides that are themselves scaffolds (e.g., RADA, KLD) or MSC affinity peptides (e.g.,
E7). In vitro studies in this category did not include a positive control (except ANVAENA),
and most of them relied on TGF-f to induce chondrogenesis. As for in vivo studies, only
E7, RADA, and KLD were evaluated in a full-thickness cartilage defect, but no positive

control was included in those studies.

The second category includes peptides focused on chondrogenesis, most
peptides were evaluated in vitro only, and most had TGF- added to the culture medium
(e.g., HSNGLPL, GFOGER, RYPISRPRKR, YKTNFRRYYREF,
GRVDWLQRNANFYDWFVAELG) or lacked a representative positive control (e.g.,
SPPEPS, CK2.1, B2A). In vivo, and for the exception of HSNGLPL and HAVDI all
remaining peptides (i.e., CK2.1, CM-10, B2A) were evaluated via subcutaneous or intra-
articular injection. Therefore, while these peptides seem promising, performing additional
well-controlled cartilage defect studies in vivo is necessary to assess their

chondroinductive potential.

Peptides represent promising synthetic chondroinductive agents that can be
reproducibly and inexpensively produced and would allow the design of a synthetic
chondroinductive material that can induce true hyaline cartilage regeneration. The main

target for synthetic agents in cartilage regeneration is to mimic the protein-protein
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interactions between growth factors, cells, and/or ECM components. Bearing the common
wide surface area of the protein-protein interactions, peptides are more likely to achieve
this goal by covering the surface area with high specificity. Such specificity reduces the
side effects of the peptide therapeutics, as they are not likely to bind to the proteins other
than their targets, compared to small drugs with promiscuous binding affinity. Peptides
are advantageous in biocompatibility, as they are biodegradable into amino acids, and do
not accumulate in the body.'%® Additionally, peptides can be easily modified with different
functional groups without complex chemistry, and various peptide chains can be
combined such as adding a cell penetrating sequence to a chondrogenic peptide
sequence to enable intracellular delivery. Peptides can be conjugated to natural and
synthetic polymers to form ECM-like scaffolds to trigger pathways associated with
chondroinduction by binding to the appropriate surface receptor. Importantly, peptides
allow the synthesis of a biomaterial device that is itself chondroinductive. Engineering of
peptide-based therapeutics provides new and exciting opportunities that alternative

chondroinductive agents cannot provide.

Conclusion
Chondroinductive peptides are a promising tool to design and engineer scalable
synthetic chondroinductive biomaterials. We recommend further investigation of such
peptide-modified biomaterials in well-designed cartilage defect models without the
addition of any growth factors to evaluate chondroinduction in vivo. The cell biology of
hyaline cartilage chondrocytes involves several interconnected pro-chondrogenic and

anti-chondrogenic signaling pathways that interplay to maintain the hyaline phenotype;
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therefore, several peptide candidates are yet to be evaluated and synergistic activities
among different peptides are yet to be investigated. We additionally advocate for the
continued discovery of new peptides, and for rigorously designed in vivo studies with

appropriate positive and negative controls to evaluate their efficacy.
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Chapter 3: Equine Comparison of the Chondrogenic Potential of
eBMSCs and eUCMSCs in Response to Selected Peptides and

Compounds?

Abstract
Background: Cartilage injuries pose significant challenges in horses and often lead to
post-traumatic osteoarthritis (PTOA). Despite the advances in surgical and regenerative
techniques, the result in most cases is the formation of a fibrocartilage repair tissue. Cell-
based cartilage therapies are mainly focused on equine bone marrow-derived
mesenchymal stem cells (eBMSCs) as they are easily accessible, and multipotent.
Nonetheless, alternative allogeneic sources, for example equine umbilical cord matrix
mesenchymal stromal cells (e€UCMSCs), hold promise given their non-invasive and
readily accessible nature. Considerable research has been dedicated to exploring
chondroinductive factors (e.g., peptides and small compounds), aiming to replace growth
factors for inducing chondrogenesis. However, these factors have not yet translated to
the equine community. Therefore, in the current study, we selected from the literature
two promising peptides, CM10 and CK2.1, and two promising compounds, kartogenin
and SM04690, and assessed their chondroinductive potential with both eBMSCs and

eUCMSCs. In addition, the chondroinductive potential of eBMSCs was evaluated in

2 Boushra Ajeeb, Emi A. Kiyotake, Peggy A. Keefe, Nikki Phillips, Jennifer Hatzel, Laurie Goodrich,
Michael S. Detamore. BMC Veterinary Research. To be submitted, 2024.
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monolayer and spheroid culture in both hypoxia and normoxia in response to
dexamethasone and/or TGF-f33.

Results: Following 21 days of culture, none of the evaluated chondrogenic factors
resulted in a higher gene expression of chondrogenic markers compared to the positive
or negative controls with eBMSCs or eUCMSCs. Interestingly, spheroid culture in
hypoxia with dexamethasone treatment (without TGF- or any compound or peptide)
was sufficient to induce the chondrogenic differentiation of eBMSCs.

Conclusion: Based on cell response to the positive control, eBMSCs may be
preferred over eUCMSCs for chondrogenesis. The current study therefore supports the
use of spheroid culture, and the use of dexamethasone over TGF-B or any of the
compounds or peptides tested here from the prior literature to drive chondrogenesis with

eBMSCs.

Introduction

Equine musculoskeletal diseases are the most common debilitating diseases in
horses, with osteoarthritis representing the most prevalent condition.'®®1% Currently used
treatments include anti-inflammatory drugs, which are mainly nonsteroidal anti-
inflammatory drugs (NSAIDS)'""12 (intravenous) or corticosteroids (intraarticular).’'?
Other treatments include intraarticular injections of hyaluronic acid or polysulfated
polysaccharides.''? Regenerative therapies have become more common in the past few
decades and are referred to as orthobiologics,''?'"® and include autologous-conditioned
serum,'411%  gutologous-protein  solution,''®-11®  platelet-rich plasma,’’®'?' and

mesenchymal stem cells (MSCs).'22-125 Surgical interventions''2126-128 include bone-
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marrow stimulation,'?® autologous chondrocyte implantation (ACI),"3® and osteochondral
grafting.”®' In many cases, the combination of surgical techniques and intraarticular

therapies provide a better outcome."'?

In cell therapy, autologous equine bone marrow-derived stem cells (eBMSCs) are
the primary cell type used for the treatment of equine musculoskeletal diseases in horses.
However, in the past decade, the use of allogeneic eBMSCs increased because these
allogeneic cells offer the value of an off-the-shelf therapy.'>® Given the limited supply of
allogeneic eBMSCs that have been pre-screened for potential efficacy, there has been
an interest in investigating the chondroinductive potential of other allogeneic cell sources,
of which umbilical cord blood mesenchymal stem cells (UCB-MSCs) and umbilical cord
matrix mesenchymal stromal cells (UCMSCs) represent attractive options that are readily
available, do not require invasive procedures to collect, and have possible
immunomodulatory potential.’3?-134 While most of the literature on equine umbilical cord
cells focuses on eUCB-MSCs, a few studies have evaluated the chondroinductive
potential of eUCMSCs. For example, in 2011, Lovati et al'** compared the
chondroinductive potential of eUCMSCs, equine amniotic fluid mesenchymal stem cells
(eAF-MSCs), or eBMSCs in pellet culture (500,000 cells/pellet) in response to TGF-p1,
and found that eUCMSCs showed limited chondroinductive potential compared to the
other cell sources based on histological staining and biochemical assays. In a more
recent (2018) example, Rakic et al.'®® evaluated the chondroinductive potential of
eUCMSCs and eUCB-MSCs in response to BMP-2 with TGF-B1 in 3D on a collagen

scaffold and found that eUCMSCs had a limited chondroinductive potential as compared
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to eUCB-MSCs. Our previous work with human UCMSCs demonstrated some potential
for chondrogenesis,'®5-'37 providing motivation to revisit UCMSCs from an equine source

with new chondroinductive signals.

Peptides and small compounds have recently gained attention for cartilage
regeneration.3?138 Chondroinductive compounds could be used to enhance cell therapy
or to precondition MSCs prior to intraarticular injection. Among the evaluated compounds
in the literature, kartogenin'3®-'4' and SM04690343° have shown some promise for
chondrogenic differentiation of BMSCs. As for peptides, CM10%61.7® and CK2.143-4°
appear to be promising candidates for the chondrogenic differentiation of BMSCs."38 A
previous study from our team showed no evidence of chondroinduction with human
BMSCs'#? with kartogenin, SM04690, CM10, or CK2.1; however, as of February 2024,
there are no published studies that have evaluated the chondroinductive potential of the

aforementioned peptides or compounds with equine MSCs.

Hypoxia has been reported to enhance the chondrogenic differentiation of human
BMSCs.#3144 With equine MSCs, only one study evaluated eBMSCs in hypoxia
macropellets (500,000 cells/pellet)'*® and another study evaluated eUCMSCs in hypoxia
in a collagen scaffold.’33 Both studies found hypoxia and normoxia to be equivalent in
terms of the gene expression of chondrogenic markers. More studies evaluating hypoxia
versus normoxia for chondrogenesis with equine cells are needed, especially given that
the native cartilage environment is under hypoxia, therefore, we evaluated both conditions

in this study.
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In the current study, we evaluated and compared the chondroinductive potential of
kartogenin, SM04690, CM10, and CK2.1 to a TGF-B3 positive control with eUCMSCs and
eBMSCs in hypoxia in spheroid culture. Additionally, knowing that BMSCs from different
species respond differently to culture conditions and growth factors, we compared the
chondroinductive potential of eBMSCs in monolayer and spheroid culture, in response to
dexamethasone with or without TGF-3 in both hypoxia and normoxia. Our hypotheses
were that eUCMSCs would have chondroinductive potential comparable to eBMSCs, and
that at least one of the peptides or compounds would induce the chondrogenic
differentiation of eBMSCs and eUCMSCs. Additionally, we hypothesized that
dexamethasone would induce the chondrogenic differentiation of eBMSCs in the absence

of TGF-B3.

Methods
Cell culture

Umbilical cord tissue and bone marrow harvest: Upon normal parturition,
umbilical cord samples were collected through a sterile process. In that process,
approximately 12 inches from the fetal side were removed, while the majority of
membranes were retained within the mare prior to natural expulsion. The umbilical cords
were washed thoroughly with PBS, and then placed into a sterile urine sample cup and
submerged in fresh PBS. Seven cords were collected immediately after birth, stored in
phosphate-buffered saline (PBS), and shipped overnight cold (not frozen) on ice packs
from Colorado State University (CSU) to the University of Oklahoma (OU). (Awaiting

donor information from CSU) Equine UCMSCs were harvested within 48 hours of birth.
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The harvest protocol was adapted from Wang et al.'® with minor modifications. Once
received, the umbilical cords were washed under running water, then moved into a
biosafety cabinet, soaked in ethanol for 15 min, and then washed with PBS supplemented
with 1% antibiotic-antimycotic (anti-anti, cat# 15240062, ThermoFisher Scientific,
Waltham, MA). The blood vessels were then removed, and the umbilical cord matrix (i.e.,
Wharton'’s jelly) was minced into 1-2 mm? pieces and digested in Dulbecco's Modified
Eagle Medium (DMEM, cat# 11885084, ThermoFisher Scientific) supplemented with
0.2% collagenase type Il (cat# LS004176, Worthington Biochemical Corporation,
Lakewood, NJ) for 16-18 h at 37°C. Following digestion, the medium was diluted with
PBS, centrifuged, and then the supernatant was discarded. The pellet was resuspended
in DMEM supplemented with 10% fetal bovine serum (FBS, cat# 16000044, Fisher
Scientific) and 1% anti-anti, and then transferred to 75 cm? flasks. Bacterial or fungal
contamination was detected at passage 0 or 1 in cells harvested from seven cords and
were thus bleached. eUCMSCs from the seven cords were cryopreserved in Recovery™
Cell Culture Freezing Medium (cat# 12648010, ThermoFisher Scientific). Out of the seven
cords, three were used (awaiting mares’ information from CSU). eBMSCs were harvested
as previously described'?? at CSU. Briefly, bone marrow aspirates were collected using
1000 U/mL of heparin from adult horses, and cells were cultured in DMEM supplemented
with 10% FBS, 1% penicillin/streptomycin (P/S, cat# 15140122, ThermoFisher Scientific),
and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (cat# 118-089-
721EA, Quality Biological, Gaithersburg, MD). eBMSCs were cryopreserved in 95% FBS

(cat# SH3091003, FisherScientific, Waltham, MA) and 5% dimethyl sulfoxide (DMSO,
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ATCC 4-X, Manassas, VA). eBMSCs were shipped from CSU to OU at passage 1 or 2
on dry ice. Six eBMSCs donors were received in total. Donor 1 was a 4-year-old male
mixed breed horse, donor 2 was a 2-year-old male Quarter horse, donor 3 was a 3-year-
old female Quarter horse, donor 4 was a 2-year-old female mixed breed horse, donor 5
was a 2.5-year-old female mixed breed horse, and donor 6 was a 2.5-year-old gelding

(castrated male) mixed breed horse.

Cell expansion: Once colonies were established, eBMSC and eUCMSC
expansions were done in Minimum Essential Medium alpha (MEM-q, cat# 12561056,
ThermoFisher Scientific) supplemented with 10% FBS, 1% anti-anti, 2 ng/mL fibroblast
growth factor (FGF, cat# 100-18B, PeproTech) and 25 mM HEPES buffer. Cells were
seeded at 3,300 cells/cm? and the medium was changed every 2-3 days. Cells were
passaged at 80-90% confluency and used at passage 4. For each cell type, three donors
were combined. For eBMSCs, for the experiment evaluating compounds and peptides,
cells were used from donors 1, 2, and 3. For the experiment evaluating the effect of
dexamethasone, the cells were used from donors 4, 5, and 6. For eUCMSCs, cells from

horses A, B, and C were used.

Chondrogenic differentiation: Chondrogenic differentiation was induced as
previously described.'#? For monolayer culture, cells were seeded at 4,000 cells/well (i.e.,
12,500 cells/cm?) in a flat-bottom 96-well plates (cat# 62406-081, VWR, Radnor, PA), and
for spheroid culture, cells were seeded at 40,000 cells/well in U-bottom 96-well plates
(cat# 10861-564, VWR). For spheroid culture, wells were pre-treated with Anti-Adherence

Rinsing Solution (cat# 07010, StemCell Technologies, Vancouver, Canada) followed by
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the centrifugation of the plates at 100 x g for 3 minutes for pellet formation. Negative
control medium was prepared as previously described'? using DMEM/high
glucose/GlutaMAX™ (cat# 10566016, ThermoFisher Scientific), supplemented with 1%
P/S, insulin with human transferrin and selenous acid (ITS)+ premix 1x (cat# 354352,
Corning, Corning, NY), sodium pyruvate 1 mM (cat# 11360070, ThermoFisher Scientific),
Minimum Essential Medium (MEM) non-essential amino acids 1x (cat# 11140050,
ThermoFisher Scientific), and ascorbate-2-phosphate 50 pg/mL (cat# A8960, Sigma-
Aldrich). For the experiment evaluating compounds and peptides, dexamethasone 100
nM (cat# D4902, Sigma-Aldrich) was included in the negative control medium. For the
positive control, TGF-B3 10 ng/mL (cat# 8420-B3-005, R&D Systems, Minneapolis, MN)
was added to the negative control medium. For the experiment evaluating compounds
and peptides, we added KGN (cat# HY-16268, MedChemExpress, Monmouth Junction,
NJ) at 1 or 10 yM, SM04690 (cat# HY-109049, MedChemExpress) at 30 or 100 nM,
CM10 (Sequence LIANAK, GenScript, Piscataway, NJ) at 100 uM or 200 uM, and/or
CK2.1 (Sequence: QIKIWFQNRRKWKKMVPSDPSYEDMGGC, GenScript) at 100 nM or
500 nM. For the experiment evaluating compounds and peptides, cells were incubated at
37 °C in hypoxia (5% O2). For the experiment evaluating the effect of dexamethasone,

cells were incubated in hypoxia or normoxia.

Flow cytometry
Equine BMSCs and eUCMSCs were evaluated for the expression of cell surface
markers listed in Table 3.1 using the Cytek Northern Lights Flow Cytometer (Cytek

Biosciences, Fremont, CA). Antibodies were selected based on their reported reactivity
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with equine epitopes by the supplier, and based on the validation of the reactivity of the
antibody clone with equine epitopes in previous publications (Table 1).147-148 Briefly, the
cultured cells were harvested and suspended at 10° cells/mL. Cells were incubated with
conjugated primary antibodies for 25 min at 4°C. Unstained controls were used as
negative controls. Data analysis was performed using the FCS Express 7 (De Novo
software, Pasadena, CA). The percentage of positive cells was determined by gating on

the negative control.

Real-time quantitative polymerase chain reaction

The Quick-RNA Miniprep Plus Kit (cat# R1058, Zymo Research, Irvine, CA) was
used for the isolation and purification of total RNA on day 21, from cells grown in
monolayer and from spheroids as previously described.'#? Afterward, the total RNA was
transcribed to cDNA using the High-Capacity cDNA Reverse Transcription kit (cat#
4368813, ThermoFisher Scientific) and real-time quantitative polymerase chain reaction
(RT-gPCR) was performed using the TagMan® Fast Universal PCR Master Mix (cat#
4366073, ThermoFisher Scientific) on the Analytik-dena QTower3-G real-time
thermocycler (AnalytikJena, Jena, Germany). The following TagMan probes were used:
GAPDH (Assay ID# Ec03210916_gH), aggrecan (ACAN, Assay ID# Ec03469667_m1),
collagen | (COLI, Assay ID# Ec03469676_m1), collagen Il (COLII, Assay ID#

Ec02622868 m1), and SOX-9 (Assay ID# Ec03469763_s1). For spheroid cultures, eight

samples from each group (n = 8) were tested in duplicate. For monolayer culture, four

samples from each group (n = 4), with every sample prepared by combining two wells,

were tested in duplicate. The AACt method was used to calculate relative levels of gene
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expression. GAPDH was used as the endogenous reference gene. For the experiment
evaluating compounds and peptides, the negative control group was the calibrator group.
For the experiment evaluating the effect of dexamethasone, the control group without

dexamethasone and without TGF-33 was used as the calibrator group.

Biochemical assays
On day 21, cells were digested in papain solution consisting of 125 mg/mL papain
from papaya latex, 5 mM N-acetyl cysteine, and 5 mM EDTA, in PBS. Samples were
digested overnight at 60°C. The DNA content of the samples was measured using a
PicoGreen assay kit (cat# P7589, ThermoFisher Scientific) following the manufacturer’s

protocol.

Glycosaminoglycan (GAG) content was determined using the dimethylmethylene

blue (DMMB) assay. DMMB dye solution (pH = 3) was prepared as previously
described'® and chondroitin sulfate A sodium salt (cat# C9819, Sigma-Aldrich
Corporation) was used for standard preparation. For spheroid cultures, eight samples
from each group (n = 8) were tested in duplicate. For monolayer culture, four samples
from each group (n=4), with every sample prepared by combining two wells, were tested

in duplicate.

Statistical analysis
All graphs and statistical analyses were performed using GraphPad Prism 9
(GraphPad Software Inc., La Jolla, CA). One-way ANOVA or two-way analyses were
performed followed by a Tukey post hoc correction. Results were considered significant

at p < 0.05. Error bars on graphs show the standard deviation of the mean.
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Results
Flow cytometry
Characterization of passage 4 eBMSCs and eUCMSCs was performed using flow
cytometric analysis of cell surface markers CD29, CD44, CD45, CD73, CD79a, CD90,
and CD105. For eBMSCs (Figure 3.1), all six donors were positive for CD29, CD44,
CD90, and CD105. In addition, all six eBMSC donors were negative for CD73 and CD79a.
While donors 1, 2, 3, and 6 were negative for the hematopoietic cell marker CD45, donors

4 and 5 surprisingly exhibited positive CD45 staining.

For eUCMSCs (Figure 3.2), cells harvested from the three different umbilical cords
were positive for CD29 at a percentage greater than 98%. Donors 1, 2, and 3 were 92.8%,
96.3%, and 75.9% positive for CD44, respectively. For CD90 and CD105, more than 95%
of the cells from all donors were positive. All three donors were negative for CD73 and
CD45, whereas for CD79a, variable expression was observed among donors.
Specifically, donor 2 was negative for CD79a, whereas donor 1 was 77.4% positive for

CD79a and donor 3 was 45.7% positive for CD79a.

Gene expression
The gene expression of eBMSCs and eUCMSCs in response to kartogenin,
SM04690, CM10, and CK2.1 are shown in Figure 3.3. Starting with eBMSCs (Figure
3.3A), no compound or peptide significantly increased chondrogenic gene expression of
SOX-9, ACAN, or collagen Il in eBMSCs compared to the negative control group.
Interestingly, the TGF-B3 positive control did not induce any significantly higher gene

expression of ACAN, collagen Il, or SOX-9 compared to the negative control group (noting
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that dexamethasone was present in both the negative and positive control media).
SM04690 at 30 nM had 90% lower ACAN gene expression than the negative control (p <
0.0001), and no ACAN was detected for SM04690 at 100 nM. Additionally, the
combination of CM10 and CK2.1 did not induce any significant gene change in ACAN
gene expression compared to the negative control. For collagen II, no gene expression
was detected with SM04690 at 100 nM. SM04690 had the lowest detectable collagen Il
gene expression at 30 nM; however, the lower value was not significantly different from
the negative control, but was 92.4% lower than KGN-1 uM (p < 0.05 ), 94.2% lower than
KGN-10 uM (p < 0.0001 ), 93.8% lower than CM10-200 uM (p < 0.01), and 93.0% lower
than CM10/CK2.1 (p < 0.05). As for SOX-9, SM04690 at 100 nM resulted in the lowest
gene SOX-9 gene expression including a 91% lower value (p < 0.0001) compared to the
negative control. Interestingly, no collagen | gene expression was observed in any of the

groups.

For eUCMSCs (Figure 3.3B), only SOX-9 gene expression was detected and there
were no significant differences in SOX-9 expression among groups except for CM10-200

uM having an 87% lower value (p < 0.05) compared to KGN-10 uM. No collagen | gene

expression was observed with any of the groups.

Due to the similar eBMSC responses between the negative and positive controls
(Figure 3A), as a next step we transitioned to evaluate the effect of dexamethasone, with
and without TGF-B3, with eBMSCs. In eBMSC spheroid culture in hypoxia (Figure 3.4A),
for all genes there were no significant differences between eBMSC spheroids treated with

dexamethasone with or without TGF-3, consistent with the previous experiment (i.e., the
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positive vs. negative controls). Likewise, in the absence of dexamethasone, no significant
differences were observed between eBMSC spheroids treated with or without TGF-3 for
all genes. In contrast to TGF-B3, which had no significant effect in hypoxia,
dexamethasone led to some increases of an order of magnitude or two for chondrogenic

genes.

Specifically, and interestingly, large differences for eBMSC spheroids in hypoxia
were observed compared to the negative control (i.e., no dexamethasone and no TGF-
B3) for ACAN and collagen Il. For example, eBMSC spheroids treated with
dexamethasone alone had 43-fold (p < 0.05) and 181-fold higher (p < 0.05) ACAN and
collagen Il gene expressions, respectively, compared to the negative control (Figure
3.4A). eBMSCs treated with both dexamethasone and TGF-B3 had 45-fold (p < 0.05)
higher ACAN gene expression compared to the negative control, but not a significantly
different gene expression for collagen Il gene expression. In the presence of TGF-33,
eBMSC spheroids treated with dexamethasone had 185-fold higher (p < 0.05) ACAN
gene expression compared to eBMSC spheroids without dexamethasone; however, no
significant differences were observed for the remaining genes. No significant differences

were observed among groups for either collagen | or SOX-9 in hypoxia (Figure 3.4A).

In normoxia (Figure 3.4B), the eBMSC spheroids treated with both dexamethasone
and TGF-33 had the highest gene expression for ACAN and collagen Il, with three orders
of magnitude, i.e., 4,108-fold (p < 0.0001) and 4,705-fold (p < 0.01) higher gene
expressions, respectively, compared to the negative control. For eBMSC spheroids

treated with dexamethasone alone, despite a mean value that was 412-fold higher for
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ACAN and 539-fold higher for collagen Il compared to the negative control, the difference
was not statistically significant. In the absence of dexamethasone, no significant
differences were observed between eBMSC spheroids treated with or without TGF-33 for
all genes, similar to what was observed in hypoxia. However, in the presence of
dexamethasone, eBMSC spheroids treated with TGF-B3 had 10-fold higher (p < 0.001)
and 9-fold higher (p < 0.01) ACAN and collagen Il gene expression, respectively,
compared to eBMSCs treated with dexamethasone alone. In the presence of TGF-3,
eBMSC spheroids treated with dexamethasone had 48-fold (p < 0.0001) and 2,136-fold
higher (p < 0.01) gene expression of ACAN and collagen I, respectively, compared to
eBMSC spheroids treated without dexamethasone. No significant differences were
observed among groups for SOX-9. As for collagen |, eBMSC spheroids treated with
dexamethasone alone exhibited the highest gene expression with a 38-fold higher (p <
0.05) gene expression compared to the negative control and 448-fold higher (p < 0.05)
gene expression compared to eBMSC spheroids treated with TGF-B3 alone. No other
significant differences were observed among the remaining groups for collagen | gene

expression.

The responses of eBMSCs in monolayer culture differed from those in spheroid
culture. For the gene expression of eBMSCs in monolayer culture, in hypoxia (Figure
3.5A), eBMSCs treated with TGF-B3 alone resulted in the highest gene expression of
ACAN and SOX-9, including 2.0-fold higher (p < 0.05) and 2.1-fold higher (p < 0.0001)
values, respectively, compared to the negative control. In the presence of

dexamethasone, eBMSCs treated with TGF-B3 had 23-fold (p < 0.0001) higher SOX-9
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gene expression compared to treatment with dexamethasone alone. For eBMSCs treated
with dexamethasone alone, 2.8-fold higher (p < 0.05) collagen | gene expression was
observed, compared to eBMSCs treated with both dexamethasone and TGF-33, and
27.4-fold higher (p < 0.01) value compared to the negative control. In the absence of TGF-
B3, eBMSCs treated with dexamethasone had 98.8% (p < 0.05), 98.9% (p < 0.05), and
94.1% (p < 0.001) lower expressions of ACAN, collagen Il, and SOX-9, respectively. In
the presence of TGF-3, eBMSCs without dexamethasone treatment had 3-fold (p <0.01)
and 1.6-fold (p < 0.01) higher ACAN and SOX-9 gene expressions compared to eBMSCs
treated with dexamethasone; however, no significant differences were observed for

collagen Il or collagen | gene expression.

In normoxia (Figure 3.5B), in the absence of TGF-B3, eBMSCs treated without
dexamethasone resulted in 8.6-fold (p < 0.05), 8.8-fold (p < 0.05), and 11.7-fold (p < 0.01)
higher gene expression of ACAN, collagen II, and SOX-9, respectively, compared to
treatment with dexamethasone. Again, in the absence of TGF-3, eBMSC collagen |
expression in contrast increased by 22.4-fold (p > 0.01) with dexamethasone compared
to without dexamethasone. In the presence of TGF-B3 in normoxia, no significant
differences were observed between eBMSCs treated with or without dexamethasone for
all genes. In the presence of dexamethasone, no significant differences were observed
between eBMSCs treated with or without TGF-3 for ACAN and collagen Il gene
expression; however, 9-fold (p < 0.05) higher SOX-9 and 62.2% (p < 0.05) lower collagen
| gene expressions were observed with eBMSCs treated with TGF-B3. Again, in the

absence of dexamethasone in normoxia, no significant difference was observed with the
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addition of TGF-B3 for SOX-9, and no collagen | was detected for eBMSCs treated with

TGF-B3 alone.

Normalizing the gene expression to the normoxia control group to compare hypoxia
and normoxia (Figures 3.6 and 3.7). In spheroid culture (Figure 3.6), eBMSCs treated
with only dexamethasone in hypoxia resulted in 90.5% and 94.3% higher ACAN and
collagen Il gene expression, respectively, compared to eBMSCs treated with only
dexamethasone in normoxia. For both aggrecan and collagen Il expression, there were
three groups that were significantly higher than all other groups, but not significantly
different from each other: the TGF-B3 with dexamethasone groups in both normoxia and
hypoxia, and the dexamethasone group in hypoxia. However, no significant differences
were observed between normoxia and hypoxia for groups treated with TGF-33 alone or
both dexamethasone and TGF-33. For SOX-9 and collagen |, no significant differences
were observed between hypoxia and normoxia. In monolayer culture (Figure 3.7),
eBMSCs treated with TGF-B3 alone in hypoxia resulted in 8.9-fold and 2-fold higher
ACAN and SOX-9 gene expression, respectively, compared to eBMSCs treated with only
TGF-B3 in normoxia. For eBMSCs treated with both dexamethasone and TGF-B3 in
hypoxia a 3.9-fold higher ACAN gene expression was observed compared to eBMSCs
treated with both dexamethasone and TGF-33 in normoxia. Treatment of eBMSCs with
dexamethasone alone in hypoxia resulted in 10.9-fold lower collagen Il gene expression
compared to eBMSCs treated with dexamethasone alone in normoxia. No other
significant differences were observed between hypoxia and normoxia for the remaining

groups.
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Biochemical assays

The GAG contents of eBMSCs and eUCMSCs in response to kartogenin,
SM04690, CM10, and CK2.1 are shown in Figure 3.8. For eBMSCs (Figure 3.8A),
following 21 days in spheroid culture, the TGF-33 positive control had the highest DNA
content including a 41.7% higher (p < 0.001) value compared to the negative control.
SMO04690 at 100 nM had 38.7% (p <0.01) lower DNA content compared to the negative
control. For GAG content, the TGF-B3 group had the highest GAG content including a
2.0-fold higher value (p < 0.0001) compared to the negative control. AlImost every other
group produced less GAG than the negative control. The SM04690 groups had the lowest
GAG content among all groups; SM04690 at 30 nM had 68.5% lower (p < 0.0001) GAG
content than the negative control, and no GAG content was detected in the SM04690
group at 100 nM. KGN at 1 uM and at 10 uM had 32% lower (p < 0.0001) and 48% lower
(p < 0.0001) GAG contents, respectively, compared to the negative control. CM10 at
100uM and at 200 uM had 27% (p < 0.0001) and 34% (p < 0.0001) lower GAG contents,
respectively, compared to the negative control. CK2.1 at 500 nM and CM10/CK2.1 had
24% (p < 0.001) and 23% (p < 0.01) lower GAG contents compared to the negative
control, respectively. As for the GAG content normalized to DNA content, no significant
difference was observed between the negative and positive control groups. The SM04690
groups produced significantly less GAG/DNA than all but one of the other groups; most
notably SM04690 at 30 nM had 62% (p < 0.0001) less GAG/DNA compared to the

negative control. KGN at 10 uM and CM10 at 200 uM had 46% (p < 0.001) and 33% (p <

0.05) lower GAG/DNA compared to the negative control. No significant differences in
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GAG/DNA content were observed between the negative control and the remaining

experimental groups.

For eUCMSCs (Figure 3.8B), GAGs were not detected in any of the groups.
Therefore, only DNA content was reported, with the negative control exhibiting the highest
DNA content, which was significant compared to six groups, including 66.0% higher DNA

content than the positive control (p < 0.05).

For the evaluation of the effect of dexamethasone on the GAG production in
eBMSC spheroids (Figure 3.9), in hypoxia, in the absence of TGF-B3, treatment with
dexamethasone resulted in 1.9-fold higher (p < 0.05) DNA content compared to the
negative control, with no significant differences observed for GAG and GAG/DNA content
compared to the negative control. In the presence of TGF-3, eBMSCs treated with
dexamethasone had significantly higher DNA content (3.1-fold (p < 0.0001)), GAG
content (21.6-fold (p < 0.0001)), and GAG/DNA content (4.9-fold (p < 0.01)) compared to
eBMSCs not treated with dexamethasone. Additionally, treatment with both
dexamethasone and TGF-B3 had significantly higher DNA content (4.6-fold (p < 0.0001)),
GAG content (19.6-fold (p < 0.0001)), and GAG/DNA content (3-fold (p < 0.05)) compared
to the negative control (i.e., no dexamethasone and no TGF-B3). Treatment of eBMSCs
with TGF-B3 alone did not result in any significant differences for DNA, GAG, or
GAG/DNA content compared to the negative control (Figure 3.9A). In normoxia (Figure
3.9B), in the absence of TGF-B3, treatment with dexamethasone alone did not result in
any significant differences in DNA, GAG, or GAG/DNA content. In the presence of TGF-

B3, eBMSCs treated with dexamethasone resulted in 3.0-fold (p < 0.001), 36.0-fold (p <
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0.0001), and 11.7-fold (p < 0.05) higher DNA content, GAG content, and GAG/DNA
content, respectively, compared to eBMSCs not treated with dexamethasone.
Additionally, eBMSCs treatment with both dexamethasone and TGF-33 resulted in 2-fold
(p < 0.01), 50-fold (p < 0.001), and 35-fold (p < 0.05) higher DNA content, GAG content,

and GAG/DNA content, respectively, compared to the negative control.

In monolayer culture, in hypoxia (Figure 3.10A), no significant differences were
observed among the experimental groups for DNA content. For GAG and GAG/DNA
content, the only significant difference was between the negative control and the
treatment with both dexamethasone and TGF-B3, which resulted in 2.6-fold (p < 0.05)
higher GAG and GAG/DNA contents. In normoxia (Figure 3.10B), no significant
differences were observed among groups for DNA content, GAG content, or GAG/DNA

content.

Discussion

The current study was the first to evaluate the chondroinductive potential of
reported chondroinductive compounds and peptides with eBMSCs or eUCMSCs in vitro,
and the first to compare the chondroinductive potential of eBMSCs and eUCMSCs in
response to TGF-B3 in pellet culture in hypoxia. Additionally, this is the first study to
evaluate and compare the chondroinductive potential of dexamethasone and TGF-B3 in
eBMSC spheroid culture, and the first to run the comparison in both normoxia and
hypoxia. Our hypotheses addressing the chondroinductive compounds, and the
chondroinductive potential of eUCMSCs, were not supported, as there were no

chondroinductive compounds that outperformed TGF-B3 in chondrogenesis and there
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was no evidence to support the chondroinductive potential of eUCMSCs. However, the
hypothesis that dexamethasone would induce the chondrogenic differentiation of

eBMSCs in the absence of TGF-3 was supported in spheroid culture in hypoxia.

None of the evaluated peptides (i.e., CM10 and CK2.1) or compounds (i.e.,
kartogenin and SM04690) induced a higher gene expression of chondrogenic markers
(ACAN, collagen Il, and SOX-9) or increased GAGs production compared to the negative
control for either e BMSCs or eUCMSCs following 21 days in spheroid culture. The limited
efficacy of compounds from the literature with eBMSCs in the current study was in
agreement with the results of our recent study that evaluated the chondrogenic potential

of the same compounds and peptides with hHBMSCs. 42

No evidence of chondroinduction was observed with eUCMSCs, as no ACAN or
collagen Il gene expression was detected, and no GAGs were detected following 21 days
in culture. The limited chondrogenic potential of eUCMSCs is in agreement with previous
studies by Lovati et al.'3* that reported a similar outcome following the treatment of
UCMSCs pellets with TGF-B1 for 15 days in normoxia, and by Rakic et al.’33 that reported
a limited chondroinductive potential of eUCMSCs following BMP-2 + TGF-B1 treatment

in both normoxia and hypoxia.

All eBMSC and eUCMSC donors exhibited markers associated with mesenchymal
stem cells (i.e., CD29, CD44, CD90, and CD105) in accordance with reported
literature,'47.148.150 and consistent with stem cell phenotype. Interestingly, while all eBMSC
donors were negative for CD73 and CD79a, donors 4 and 5 exhibited positive CD45

staining. One possible explanation could be that the isolation of BMSCs based on their
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adherence to plastic is known to result in a heterogenous population of cells, which might
include subpopulations of CD45-positive cells, as previously reported with rat BMSCs. 5"
Other factors that have been reported to influence the expression of CD45 in hBMSCs is
the donor age, and culture duration'? with some reports indicating that most BMSCs
derive from CD49a*/CD45med oW cells and turn into CD49a*/CD45 cells when
cultured.’®?1%% Despite being CD45 positive, chondroinductive differentiation was
observed with pooled eBMSC donors 4, 5, and 6. As for eUCMSCs, donors 1 and 3
exhibited a CD79a positive phenotype, which might be explained by the heterogeneity of
the stem cell population obtained during harvest and culture. As a point of comparison,
one reference has indicated that MSCs derived from human adipose tissue do exhibit
positive CD79a staining.'®* Collectively, the cell surface markers observed in the current
study indicated that more rigorous evaluation of stem cell markers for various sources of
equine MSCs at different passages is warranted. Additional evaluation of hematopoietic
markers such as CD34 and HLA markers might help to further characterize eUCMSCs

and eBMSCs in future studies.

The lack of significant differences between the negative and positive controls in
our first experiment, for both gene expression and GAG content, warranted additional
investigation into the effect of dexamethasone and TGF-B3 on the chondrogenic
differentiation of eBMSCs. The current study was the first to evaluate and compare the
chondroinductive potential of dexamethasone and TGF-B3 in eBMSC spheroid culture,
and that comparison was done in both normoxia and hypoxia. Interestingly, in eBMSC

spheroid culture under hypoxia, significantly higher gene expression of ACAN and
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collagen Il was observed following treatment with dexamethasone alone compared to the
negative control. Regardless of whether hypoxia or normoxia was used, addition of TGF-
B3 did not lead to significantly higher chondrogenic gene expression, meaning that
dexamethasone in hypoxia was sufficient to induce eBMSC chondrogenesis without TGF-
B3. Furthermore, no significant differences were observed in GAG/DNA production
between dexamethasone and dexamethasone + TGF-B3 groups, further reiterating that
dexamethasone alone might be sufficient to induce the chondrogenic differentiation of

eBMSCs in spheroid culture in hypoxia, without the need of additional growth factors.

Noteworthy is that no collagen | was detected in the study comparing the
chondroinductive compounds in spheroid culture in hypoxia, whereas we did detect
collagen | in the study evaluating the effect of dexamethasone under the same conditions.
One possible reason for this discrepancy may be that different donors were used in the
aforementioned studies, and two out of the three donors used in the dexamethasone

study had positive CD45 staining.

In eBMSC spheroid culture in normoxia, dexamethasone alone did have a higher
mean value than the negative control for the gene expressions of ACAN and collagen Il;
however, those differences were not significant, which could be due to a type Il error (i.e.,
false negative due to small sample number). The treatment with dexamethasone and
TGF-B3 in normoxia resulted in significantly higher ACAN and collagen Il gene expression
and higher GAG/DNA production compared to the negative control and dexamethasone
groups, but again did not lead to significantly higher expression than with dexamethasone

alone in hypoxia. In other words, a combination of both TGF-3 and dexamethasone were
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required to reach the highest aggrecan and collagen Il expression in normoxia, but in

hypoxia that highest expression level was possible with dexamethasone alone.

In the future, it may be worth evaluating markers of hypertrophy (e.g., collagen X)
following dexamethasone treatment, as BMSCs can tend to acquire hypertrophic

properties during chondrogenic induction.

In monolayer culture of eBMSCs under hypoxia, dexamethasone resulted in a
significant decrease in the gene expression of ACAN, collagen Il, and SOX-9, and the
addition of TGF-B3 alone resulted in significantly higher gene expression of ACAN,
collagen Il, and SOX-9. However, in terms of GAG production, no significant differences
were observed among groups. Interestingly, in normoxia in monolayer culture the control
group had the highest gene expression for ACAN, collagen Il, and SOX-9. It could be that
in eBMSC monolayer culture, dexamethasone induces osteogenesis rather than
chondrogenesis, which warrants future evaluation of osteogenic markers (e.g., Runx2,
BGLAP). Notably in monolayer culture, in comparing normoxia and hypoxia, eBMSCs
treated with both dexamethasone and TGF-B3 in hypoxia resulted in higher ACAN gene
expression compared to eBMSCs treated with both dexamethasone and TGF-B3 in

normoxia.

The findings of the current study do not support the use of eUCMSCs for cell
therapies where chondrogenesis of the cells is the therapeutic goal, as we did not find
any evidence of chondroinduction in the current culture conditions. However, there might
still be an advantage of using eUCMSCs for their immunomodulatory potential.%5-157

eBMSCs remain the most attractive candidate for cell therapy, and in the current study,
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dexamethasone in hypoxia was revealed to be a potent and sufficient chondroinductive
signal for eBMSC spheroids, without the need for reportedly chondroinductive peptides,
compounds, or even TGF-B3. Therefore, in cell therapies where cartilage regeneration in
a defect area is the goal, there may an advantage to employing spheroid culture in
hypoxia and priming with dexamethasone to enhance the chondroinductive potential of
the eBMSCs. The use of spheroids instead of a cell suspension or monolayer has been
shown to offer an advantage with chondrocytes, such as using the chondrospheres's8
(spherox) system, which is a 4" generation ACI that is currently approved for use in

Europe.

As we look to the future, in vivo evaluation is essential to truly evaluate the
advantages of using eBMSC spheroids for cartilage regeneration in equines. Additional
in vitro studies may add value prior to in vivo evaluation, for example to explore different
spheroid sizes, minimum culture durations for chondroinductive effect, dexamethasone
concentrations, and suitable biomaterials to deliver eBMSCs. Longer term, a clinically
translational vision may be for dexamethasone-primed, allogeneic eBMSC spheroids to
be delivered via an injectable biomaterial capable of supporting weight-bearing and

inducing cartilage regeneration in equine cartilage defects.
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Chapter 4: Comparison of Multiple Synthetic Chondroinductive

Factors in Pellet Culture Against a TGF-B Positive Control®

Abstract

Despite the advances in surgical and cell therapy regenerative techniques for
cartilage repair, the challenge is to overcome an inferior fibrocartilage repair tissue. In
vitro, TGF-B1 and TGF-3 are the primary growth factors employed to induce
chondrogenic differentiation. However, the clinical application of native proteins may
present challenges regarding stability, cost, or reproducibility. Therefore, there remains
an unmet clinical need for the identification of small chondroinductive synthetic
molecules. From the literature, two peptides—CM10 and CK2.1—appear to be
promising candidates; however, they have not been directly compared to TGF- with
human bone marrow-derived stem cells (hBMSCs). Similarly, two promising
compounds—kartogenin and SM04690—have been reported in the literature to exhibit
chondroinductive potential in vivo and in vitro; however, kartogenin was not directly
compared against TGF-B. In the current study, we evaluated the chondroinductive
potential of CM10, CK2.1, kartogenin, and SM04690, and directly compared them to

each other and to a TGF-B3 positive control.

3 Published as: Ajeeb, B. & Detamore, M. Comparison of multiple synthetic chondroinductive factors in
pellet culture against a TGF-f3 positive control. Osteoarthritis and Cartilage Open 5, 100369 (2023).
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Following 21 days of culture, none of the evaluated chondrogenic factors, either
individually or even in combinations of two, resulted in a higher gene expression of
chondrogenic markers as compared to TGF-B3. Additionally, no collagen Il gene
expression was detected except in the TGF-B3 positive control group. Given that the
evaluated factors have confirmed efficacy in the literature, but not in the current study
with a positive control, there may be value in the future identification of new
chondroinductive factors that are less situation-dependent, with rigorous evaluations of

their effect on chondrogenesis using positive controls.

Introduction
The complete regeneration of functional articular cartilage following traumatic or
arthritic lesions is unlikely to occur owing to the low regenerative potential of cartilage.
Cartilage injuries are common, especially in athletes where prevalence is around

37%,"° and it is currently estimated that 1 in 7 adults in USA suffer from osteoarthritis.6°

Treatment of cartilage lesions is challenging, and a variety of surgical techniques
are available, of which bone marrow stimulation is the most commonly performed
procedure.'®” Other procedures include autologous osteochondral transfer,
osteochondral allograft transplantation,*° and matrix-assisted chondrocyte implantation
autologous chondrocyte implantation (MACI).” However, the outcome from currently
available procedures is often an inferior fibrocartilage tissue that may lack the

mechanical and functional properties of healthy hyaline cartilage.

Recent advances in cartilage regeneration focus on three main directions. The

first is the development of off-the-shelf biomaterials that would fit into defects. The
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second direction is cell therapy, in which recent research focuses on using autologous
or allogenic mesenchymal stem cells (MSCs) or chondrocytes or a combination of the
two cell types to enhance cartilage regeneration. A third direction is focused on the
search for chondroinductive factors, such as peptides or small compounds, to replace
the current use of growth factors to induce the chondrogenic differentiation of MSCs and

to regenerate cartilage.

The development of chondroinductive factors is an added value to both the
biomaterials and cell therapy approaches. Peptides, for example, may be used to
functionalize biomaterials to enhance their bioactivity;*? additionally, chondroinductive
factors may be added during cell therapy, or cells may be treated with chondroinductive
factors prior to implantation to increase the likelihood of obtaining a repair tissue that

resembles hyaline cartilage.

Several papers have reported the identification of peptides or small compounds
with chondrogenic potential; however, comparison to a TGF-B3 positive control was
lacking in most cases.’®® Additionally, different cell sources and culture methods have
been used to evaluate different chondroinductive factors, rendering it challenging to

compare the potency of different factors.

We recently presented an overview of peptides involved in cartilage
regeneration,'®® where we summarized promising peptides that have been evaluated
both in vitro and in vivo for their chondroinductive potential. Among these peptides, we
identified two leading candidates from the literature, CM10 and CK2.1, to evaluate and

compare their chondrogenic potential with TGF-B3 using hBMSCs. CM10 (LIANAK) is
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a TGF-B1-simulating peptide that has been mainly evaluated for its wound healing
potential®® and collagen | synthesis, where it exhibited activity in the nanomolar and
micromolar concentration range. Evaluation of CM10 as a chondroinductive peptide was
first done by Renner and Liu in 20137° as a soluble peptide; however, no significant
activity was observed. In subsequent publications, CM10 was evaluated while
conjugated to microspheres®' or hydrogels,'? with the exception of one study®? that
evaluated soluble CM10 at a concentration of 100 uM with human periodontal ligament
stem cells (hPLSCs), which found that a higher gene expression was observed for SOX-

9, aggrecan, and collagen Il at comparable values to a TGF-f3 positive control group.

CK2.1 is a peptide designed to block the interaction between the protein casein
kinase 2 (CK2) and bone morphogenetic protein receptor type la (BMPRIa) inside the
cell, thus leading to the activation of the BMP signaling pathway without the presence
of a ligand. CK2.1 exhibited chondrogenic potential with C3H10T1/2 cells (i.e., a mouse
cell line derived from C3H mouse embryos) following treatment with BMP-2. However,
the in vitro evaluation with hBMSCs and comparison with TGF-B3 is yet to be done.
Additionally, through a literature review of chondroinductive small compounds
(unpublished), we identified two leading small compounds, SM04690% and

kartogenin,'3® which have been reported to induce cartilage regeneration.

Kartogenin (KGN) was first reported in 2012 by Johnson et al.'*® as a heterocyclic
drug-like molecule that induced the chondrogenic differentiation of hBMSCs; however,
it was compared against dimethyl sulfoxide (DMSO) with no positive control. Kang et

al.’% enhanced the delivery of KGN by conjugating it to chitosan particles and found that
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conjugated KGN induced chondrogenic differentiation of hBMSCs more effectively than
unconjugated kartogenin; however, there was no positive control from the TGF-3 family
included in the study. Liu et al.'*' evaluated lubricin and glycosaminoglycan (GAG)
accumulation by rat BMSCs following treatment with TGF-B1, BMP-7, and/or KGN in
monolayer culture. While KGN induced a significant increase in lubricin production, only
the combination of TGF-31, BMP-7, and KGN resulted in a significant increase in GAG
content as compared to the untreated control group. Liu et al.’#! additionally evaluated
the chondrogenic differentiation of rat BMSC/chondrocyte pellet co-cultures at different
ratios in combination with KGN; however, KGN was added to all combinations, and no

positive control was included in vitro.

SM04690 was identified as a Wnt signaling pathway inhibitor by Deshmukh et al.3*
using high throughput screening. SM04690 is currently in phase 3 clinical trials as a
disease-modifying osteoarthritic drug (DMOAD)."®3 In vitro, SM04690 exhibited
promising chondrogenic potential with hBMSCs, comparable to a TGF-B3 positive

control.34

In the current study, we evaluated and compared the chondrogenic potential of
KGN, SM04690, CM10, and CK2.1, alongside a TGF-B3 positive control using hBMSCs
following 21 days in pellet culture. Several studies in the literature suggest that an
improvement in the chondrogenic differentiation of BMSCs may be observed under
hypoxic conditions;'43.144.164 therefore, following preliminary studies that confirmed
enhanced collagen Il gene expression in hypoxia, we elected to perform the current

study in 5% hypoxia.
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Given that previous studies have reported synergistic effects between growth
factors to enhance chondrogenic differentiation,’®5-'% we additionally evaluated
synergistic effects between small compounds and peptides. Finally, knowing that
chondrogenesis may be donor-dependent,’®® we evaluated the chondrogenic potential
of select group concentrations with three different hBMSCs donors. Our hypothesis was
that a combination of peptides and/or compounds would induce the chondrogenic

differentiation of h(BMSCs at levels equivalent or superior to TGF-33.

Materials and methods
Cell culture
Human BMSCs (hBMSCs) were purchased from RoosterBio, Inc., Frederick, MD,
cultured in RoosterBasal™-MSC (cat# SU-022, RoosterBio Inc.) and supplemented with
20% RoosterBooster™-MSC (cat# SU-003, RoosterBio Inc.) and 1%
penicillin/streptomycin (P/S, cat# 15140122, ThermoFisher Scientific, Waltham, MA).
The donor was a 23-year-old male. Cells were seeded at 3,300 cells/cm? and no medium
exchange was required as per RoosterBio guidelines. Cells were passaged at 80-90%
confluency and used at passage 3. For the multiple donors study, donor 1 was a 20-

year-old female, donor 2 was a 19-year-old male, and donor 3 was a 25-year-old male.

Pellet formation: For chondrogenic differentiation, 100,000 cells were added to
the wells of U-bottom 96-well plates (cat# 10861-564, VWR, Radnor, PA) following
treatment with Anti-Adherence Rinsing Solution (cat# 07010, StemCell Technologies,
Vancouver, Canada). The plates were centrifuged at 100 x g for 3 minutes for pellet

formation.

66


https://www.google.com/search?q=Waltham&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWNnDE3NKMhJzd7Ay7mJn4mAAANnpF-NWAAAA&sa=X&ved=2ahUKEwj5mdW75uL7AhXgmGoFHS3jDVYQmxMoAXoECGYQAw

Differentiation medium: Negative control medium was prepared using
DMEM/high glucose/GlutaMAX™ (cat# 10566016, ThermoFisher Scientific), with 1%
P/S, insulin with human transferrin and selenous acid (ITS)+ premix 1x (cat# 354352,
Corning, Corning, NY), sodium pyruvate 1 mM (cat# 11360070, ThermoFisher
Scientific), Minimum Essential Medium (MEM) non-essential amino acids 1x (cat#
11140050, ThermoFisher Scientific), ascorbate-2-phosphate 50 pg/mL (cat# A8960,
Sigma-Aldrich, St. Louis, MO), and dexamethasone 100 nM (cat# D4902, Sigma-
Aldrich). For the positive control, TGF-3 10 ng/mL (cat# 8420-B3-005, R&D Systems,
Minneapolis, MN) was added to the negative control medium. For experimental groups,
KGN (cat# HY-16268, MedChemExpress, Monmouth Junction, NJ), SM04690 (cat#
HY-109049, MedChemExpress), CM10 (Sequence LIANAK, GenScript, Piscataway,
New Jersey),and/or CK2.1 (Sequence: QIKIWFQNRRKWKKMVPSDPSYEDMGGC)
were added to the control medium at concentrations that were based on the literature
and summarized in Table 1. Cells were incubated at 37 °C in hypoxia (5% O3) for 21

days.

Real-time quantitative polymerase chain reaction
Total RNA was isolated from the pellets on day 21 using Quick-RNA Miniprep Plus
Kit (cat# R1058, Zymo Research, Irvine, CA) following the kit handbook. Briefly, pellets
were stored in DNA/RNA shield, then digested with Proteinase K and digestion buffer
for 4 hours at room temperature, followed by the addition of an equal volume of lysis
buffer. DNA transcription was done using the High-Capacity cDNA Reverse

Transcription kit (cat# 4368813, ThermoFisher Scientific). Real-time quantitative
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polymerase chain reaction (RT-qPCR) was performed using a qTOWER (AnalytikJena,
Jena, Germany) and TagMan® Fast Universal PCR Master Mix (cat# 4366073,
ThermoFisher Scientific). Preconfigured TagMan probes were used and are listed in
Table 2. Eight samples from each group (n = 8) were tested in duplicate. Relative levels
of gene expression were calculated using the comparative AACt method for relative
quantification. The negative control group was the calibrator group and GAPDH was

used as the endogenous reference gene.
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Statistical analysis
All graphs and statistical analyses were performed using GraphPad Prism 9
(GraphPad Software Inc. La Jolla, CA). One-way ANOVA analyses were performed
followed by a Tukey post hoc correction. Results were considered significant at p < 0.05.
Showing **** p < 0.0001, *** p < 0.001, p < 0.01, and * p < 0.05. Error bars on graphs

show the standard deviation of the mean.

Results
Pellet formation
Pellets successfully formed in all groups within 24 hours of culture. Over 21 days

of culture, the pellets maintained their form in all groups.

Gene expression

For ACAN, no significant differences were observed among groups except for the
TGF-B3 positive control group, which was significantly larger than all other groups,
including a 10,000-fold (p < 0.0001) larger ACAN gene expression compared to the
negative control (Figure 4.1). Regarding SOX-9, TGF-B3 induced a 50-fold (p < 0.0001)
higher gene expression compared to the negative control (Figure 4.2), whereas no
significant differences were observed among the remaining experimental groups and
the negative control. Surprisingly, collagen Il expression was only detected in the TGF-
B3 positive control; therefore, relative gene expression could not be calculated for this

single group.

Interestingly, no significant difference was observed in the collagen | gene

expression between the negative control and the TGF-33 positive control; however, a
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variation was observed in response to the evaluated compounds and peptides. CM10
(100 uM) had the highest gene expression with a 2.5-fold (p < 0.0001) higher expression
compared to the negative control group. CK2.1 had a collagen | gene expression that
was 40% (p=0.0978) and 50% (p=0.9782) higher at 100 nM and 500 nM than the
negative control, respectively, although these differences were not significant. The
combination of compounds and peptides did not induce a significant difference in

collagen | gene expression as compared to the negative control group.

For the multiple donors study (Figure 4.4), no significant differences in the gene
expression of ACAN were observed among groups, except for TGF-B3 group across all
donors, which is in agreement with the results obtained in the first study. For SOX-9,
CM10 exhibited a higher gene expression as compared to the negative control in donor
1; however, with donor 2 and 3 the gene expression of SOX-9 in the CM10 group was
significantly lower than the negative control. For KGN, no significant differences
compared to the negative control were observed with all 3 donors. As for SM04690 and
CK2.1, no significant differences were observed compared to the negative control with
donors 1 and 2, whereas a significantly lower SOX-9 gene expression was observed
with donor 3. As for collagen Il, and as observed in study 1, gene expression was only
detected in the TGF-B3 positive control; therefore, relative gene expression could not

be calculated.

Discussion
The current study was the first study to evaluate and compare the

chondroinductive potential of multiple promising peptides and compounds with TGF-3
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as a positive control. Additionally, this is the first report that evaluates the combination
of peptides and compounds on the chondrogenic differentiation of hBMSCs. Our
hypothesis was not supported, as there were no individual factors or combinations of

factors that outperformed TGF-B3 in chondrogenesis.

Interestingly, none of the evaluated KGN concentrations in the current study
induced the gene expression of collagen Il or enhanced ACAN or SOX-9 gene
expression as compared to the negative or positive control following 21 days in spheroid
culture. The absence of increased gene expression as compared to TGF-B3 is in
agreement with what was observed by Music et al.'’® with hBMSC macropellet and
micropellet cultures, which showed that KGN was inferior to TGF-B1 in terms of
chondrogenic potential following 7 or 14 days of continuous KGN treatment. The first
KGN paper by Johnson et al.’*® reported a higher gene expression of chondrogenic
markers (ACAN and collagen Il) on day 21 following 3 days of treatment with KGN at
concentrations 100 nM, 1 yM, and 10 uM in hBMSCs pellet culture. While there was no
TGF-B positive control in that study, it may be possible that continuous treatment with
KGN for more than 3 days could hinder chondrogenesis; therefore, additional evaluation
is warranted given that 3 days of TGF-B3 treatment is known to work as a
chondrogenesis positive control. Interestingly, a 2020 abstract reported the synthesis of
KA-34,%3 a more potent and stable KGN analog, and additionally a phase | clinical trial'”!
has been completed with KA-34, but no publication is currently available. Hence, future

work might include investigating the chondrogenic potential of KA-34.
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SM04690 was reported as a promising DMOAD by Deshmukh et al.3*3% and its
chondroinductive potential was demonstrated with hBMSCs in pellet culture (150,000
cells/pellet) and in monolayer culture (40,000 cells/ well in 48 well plate) at 30 nM as
compared to treatment with 20 ng/mL of TGF-B3 with medium changes done every 5
days.>* In the current study, SM04690-treated groups surprisingly exhibited no
significant difference in the gene expression of ACAN and SOX-9 relative to the negative
control, and collagen |l gene expression was not observed. One possible explanation
for the differences in outcomes between studies is that Deshmukh et al.** used
incomplete chondrocyte differentiation medium (iCDM; Lonza) and chondrogenesis was
evaluated in normoxia, whereas in the current study, DMEM medium with individually

prepared supplements was used and cells were cultured in hypoxia.

The current study was the first study to evaluate the chondrogenic potential of
CM10 with hBMSCs as compared to a positive control. No significant difference in the
gene expression of ACAN or SOX-9 was observed with CM10 treatment as compared
to the negative control. On the other hand, treatment with 100 yM CM10 resulted in the
highest gene expression of collagen | as compared to the negative control group that
might indicate why CM10 was successfully used in wound healing applications.®®'7? The
chondrogenic potential of CM10 was first evaluated in 2013 with hBMSCs at 0.05 and
0.1 uM;” however, no promising outcome was observed. Another study®? reported
enhanced gene expression of chondrogenic markers following treatment with 100 uM of
CM10; however, hPLSCs were the cell source, which may respond differently from

hBMSCs. Interestingly, other studies reported positive outcomes with CM10-
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functionalized microspheres®' and CM10-functionalized hydrogels;'®? however, no
positive control was included in the first study. It could be that CM10 will exhibit a more
prominent activity when presented on a scaffold versus as a soluble peptide, which

requires additional investigation in the future.

The current study is the first report to evaluate the chondrogenic potential of CK2.1
with hBMSCs in comparison to TGF-3. CK2.1 showed promising outcomes in the
original publication;* however, the peptide was evaluated with C3H10T1/2 cells, which
are a mouse cell line that are functionally similar to mesenchymal stem cells and
undergo chondrogenesis when induced by cellular condensation and bone
morphogenetic protein-2 (BMP-2).73 The current study used the same concentrations
reported in the original paper (100 nM and 500 nM); however, no significant difference
in the gene expression of ACAN and SOX-9 chondrogenic markers relative to the
negative control were observed. Additionally, the gene expression of collagen Il was not
observed. In addition to the difference in cell source, the original paper used DMEM
medium with 10% fetal bovine serum (FBS) with no additional supplements, whereas

the current study used a serum-free medium.

Combinations between growth factors have been shown to enhance the
chondrogenic differentiation of MSCs.'%>-1%8 The current study evaluated different
combinations between CM10, CK2.1, KGN, and SM04690; however, none of the
combinations resulted in a higher gene expression of chondrogenic markers as

compared to the negative control.
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To eliminate the effect of donor variation on the results obtained in the first study,
we evaluated the chondroinductive potential of select group concentrations: CM10 (100
uM), CK2.1 (100 nM), KGN (10 uM), and SM04690 (30 nM), with 3 different donors.
While we did observe donor-dependent variation in the gene expression of SOX-9
among experimental groups; however, and as seen with the first study, the lack of
collagen |l expression and absence of higher ACAN gene expression indicated that
there was no evidence of chondrogenesis with any of the evaluated peptides and

compounds.

Given that prior studies have demonstrated chondroinduction with CM10, CK2.1,
KGN, and SM04690, and used a variety of different conditions as delineated above, we
cannot conclude that these factors are not chondroinductive. Instead, we conclude that
evidence of chondroinduction was not observed in the conditions employed in the
current study, and therefore that in vitro chondroinduction with these factors may depend
on the cell source and culture conditions (e.g., medium composition, monolayer vs.
pellet vs. 3D scaffold, hypoxia vs. normoxia). Additionally, the evaluated factors could
be chondroinductive if applied transiently'’4-"7 or have alternate modes of action such
as stabilizing chondrogenesis if applied beyond day 7 or 14 of chondrogenesis, or could
be fibrogenic rather than chondrogenic, which entreats additional investigation in the
future. Furthermore, once we move in vivo, there are other parameters such as the
immune system and/or mechanical stimulation that may affect the potency of

chondroinductive factors.
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TGF-B3 is the main growth factor employed for chondrogenesis, as it is known to
induce chondrogenesis with different cell sources and culture conditions, including in
the current study. Therefore, the current study underscores the importance of identifying
factors (as alternatives to TGF-3) that are not situation dependent, and identification of
new factors might be the key to enhancing the outcome of biomaterial-based or cell
therapy-based cartilage regeneration techniques. In future studies that do identify new
factors for chondroinduction, comparing to other published factors is recommended if
possible, and including a positive control is strongly recommended so that there is
context for the extent of observed chondroinduction. Furthermore, as BMSCs tend to
acquire hypertrophic properties during chondrogenic induction, it is imperative that
hypertrophy markers (e.g., collagen X) be evaluated in future studies to clearly highlight

the difference between various chondrogenic compounds.
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Chapter 5: Screening and Evaluation of the Chondroinductive

Potential of Promising Peptides

Abstract

The challenge to repair articular cartilage following a trauma has been tackled from
several angles, for which the discovery of a synthetic chondroinductive factor would
represent a breakthrough. Currently, growth factors including TGF-1 and TGF-B3 are
mainly used to induce chondrogenic differentiation of BMSCs in vitro; however, the clinical
translation of growth factors in cartilage repair is yet to be established owing to challenges
related to cost, variability between batches, and stability. Peptides are a potentially
attractive group of chondrogenic factors as they can be chemically synthesized with high
reproducibility, they are easily modified, and they can be conjugated to biomaterials. In
this chapter, we investigated the chondroinductive potential of 11 peptides newly
discovered by our group, which were selected based on their affinity to TGF-§ receptors,
alongside a TGF-B3 positive control with human bone marrow-derived mesenchymal
stem cells (hBMSCs). Following 21 days in culture, none of the evaluated peptides
resulted in a higher gene expression of chondrogenic markers compared to TGF-§33.
Given the complexity of the pathways and receptors involved in chondrogenesis, the
results suggest that secondary and tertiary structures may play an important role in the
activation of TGF-B receptors. Therefore, longer peptide sequences and predictive

peptide software packages might be valuable tools to identify a chondroinductive peptide.
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Introduction

Articular cartilage injuries are observed in up to 62% of knees
during arthroscopy.'”® Following an injury, cartilage lacks the potential to regenerate,
owing to its avascularity and low cellularity, thus often leading to the onset of
osteoarthritis.’”®  Non-surgical treatments include intra-articular injections of
corticosteroids or hyaluronic acid, and they provide a temporary relief of pain;2 however,
cartilage repair necessitates surgical intervention. Various surgical techniques are
available, including microfracture, mosaicplasty, autologous chondrocyte implantation
(ACI), and matrix-assisted autologous chondrocyte implantation (MACI),* with the choice
contingent on several factors including defect size, patient’s overall condition, and cost.
Notably, microfracture has emerged as the most commonly used procedure in the USA
for the treatment of cartilage lesions.’®" Despite the availability of various surgical

techniques, the regeneration of hyaline-like cartilage remains an ongoing challenge.

In vitro, growth factors mainly from the TGF-33 family have been used to induce
the chondrogenic differentiation of stem cells. However, clinical translation of growth
factors is challenging due to the high cost of production, low production yield, and
potential adverse side effects. Alternatively, peptides represent an attractive replacement
that has a lower cost and lower variability between batches. Additionally, peptides can be
used to functionalize biomaterials, creating a chondroinductive biomaterial that can be
used to induce the regeneration of cartilage. We recently reviewed peptides involved in
cartilage regeneration (Chapter 2),'%8 and identified two leading candidates from the

literature, CM10 and CK2.1. We then evaluated their chondrogenic potential with
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hBMSCs using TGF-B3 as a positive control (Chapter 4).2 Unfortunately, no evidence of
chondrogenesis was observed with CM10 or CK2.1 with hBMSCs (Chapter 4), or even

with eBMSCs or eUCMSCs (Chapter 3).

Using a peptide discovery strategy that is common in the cancer field, but new to
regenerative medicine, our team identified nine peptides derived from TGF-B3 or
aggrecan. We named these peptides as numbers 1 through 9. Our team additionally
identified another set of peptides, C1 through C5, derived from growth factors involved in
chondroinduction, including TGF-B1 and TGF-3. In the current study, we evaluated the
chondroinductive potential of six peptides from the first group (i.e., Peptides 1, 2, 4, 5, 6
and 9) in addition to Peptides C1 through C5. The evaluation was conducted in spheroid
culture in hypoxia with human bone marrow-derived mesenchymal stem cells (hBMSCs),
with a TGF-B3 positive control for comparison. Our hypothesis was that at least one of
the evaluated peptides would result in an increased gene expression of chondrogenic

markers (i.e., ACAN, collagen Il, and/or SOX-9) compared to the TGF-3 positive control.

Materials and methods
Cell source and expansion
Human BMSCs were purchased from RoosterBio, Inc. (Frederick, MD). For the
screening of peptides 1, 2, 4, 5, 6, and 9; and for the screening of peptides C1, C2, C3,
C4, and C5 in the nM range; the donor was a 19-year-old male. For the screening of
peptides C1, C2, C3, C4, and C5 in the uM range, the donor was a different 19-year-old
male. Cells were expanded at 3,300 cells/cm? in RoosterBasal™-MSC (cat# SU-022,

RoosterBio Inc.) and supplemented with 1% penicillin/streptomycin (P/S, cat# 15140122,
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ThermoFisher Scientific, Waltham, MA) and 20% RoosterBooster™-MSC (cat# SU-003,

RoosterBio Inc.). Cells were passaged at 90% confluency and used at passage 4.

Cell spheroid formation and culture

For chondrogenic differentiation of hBMSCs, 100,000 cells/well were added to U-
bottom 96-well plates (cat# 10861-564, VWR, Radnor, PA) that were pre-treated with
Anti-Adherence Rinsing Solution (cat# 07010, StemCell Technologies, Vancouver,
Canada). Pellets were formed by the centrifugation of the plates at 100 x g for 3 minutes.
Negative control medium was prepared as previously described’#? using Dulbecco's
Modified Eagle Medium (DMEM)/high glucose/GlutaMAX™ (cat# 10566016,
ThermoFisher Scientific), with 1% P/S, insulin with human transferrin and selenous acid
(ITS)+ premix 1x (cat# 354352, Corning Inc., Corning, NY), sodium pyruvate 1 mM (cat#
11360070, ThermoFisher Scientific), Minimum Essential Medium (MEM) non-essential
amino acids 1x (cat# 11140050, ThermoFisher Scientific), ascorbate-2-phosphate 50
pug/mL (cat# A8960, Sigma-Aldrich, St. Louis, MO), and dexamethasone 100 nM (cat#
D4902, Sigma-Aldrich). For the positive control, TGF-B3 10 ng/mL (cat# 8420-B3-005,
R&D Systems, Minneapolis, MN) was added to the negative control medium. Peptides 1-
9 and C1-C5 were purchased from GenScript (Piscataway, NJ), and were added to the
control medium at assay specific concentrations. Based on the sequence of ordering and
delivery, peptides 1, 4, and 6 were run together in parallel, and peptides 2, 5, 9 were run
together in parallel. Peptides 3, 7, and 8 were not evaluated because we were not able
to receive the peptides at a purity greater than or equal to 95%. For the investigation of

the effect of DMSO on the chondrogenic differentiation of hBMSCs, DMSO was evaluated
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at 0.5% and 1% final concentration in the medium. The hBMSC spheroids were incubated

at 37 °C in hypoxia (5% O2) for 21 days.

Real-time quantitative polymerase chain reaction

Total RNA was isolated from the pellets on day 21 using Quick-RNA Miniprep Plus
Kit (cat# R1058, Zymo Research, Irvine, CA) for studies evaluating Peptides 1, 2, 4, 5, 6,
9, and Peptides C1 through C5 in the nM range, or the Quick-RNA Microprep Plus Kit
(cat# R1051, Zymo Research) for studies evaluating Peptides C1 through C5 in the uM
range and the study evaluating the effect of DMSO, following the kit handbook. Briefly,
pellets were stored in DNA/RNA shield, then digested with Proteinase K and digestion
buffer for 4 hours at room temperature, followed by the addition of an equal volume of
lysis buffer. DNA transcription was done using the High-Capacity cDNA Reverse
Transcription kit (cat# 4368813, ThermoFisher Scientific) or iScript Reverse Transcription
Supermix (cat# 1708841, Bio-Rad, Hercules, CA). Real-time quantitative polymerase
chain reaction (RT-qPCR) was performed using TagMan® Fast Universal PCR Master
Mix (cat# 4366073, ThermoFisher Scientific) or SsoAdvanced Universal Probes
Supermix (cat# 1725284, Bio-Rad) on the Analytik-Jena QTower3-G real-time
thermocycler (AnalytikJena, Jena, Germany) or CFX Opus 96 (Bio-Rad) were used to run
the qPCR. Preconfigured TagMan probes (listed in Table 5.1) or Bio-Rad duplexing
probes (listed in Table 5.2) were used. Eight samples from each group (n = 8) were tested
in duplicate. Relative levels of gene expression were calculated using the comparative
AACt method. The negative control group was the calibrator group and GAPDH was used

as the endogenous reference gene.
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Flow cytometry

The interaction of Peptide C1 with hBMSCs was evaluated using the Cytek
Northern Lights Flow Cytometer (Cytek Biosciences, Fremont, CA) and data analysis was
performed using the FCS Express 7 (De Novo Software, Pasadena, CA). Briefly, cells
were cultured in a 6-well plate and treated for 18-20 hours with Peptide C1 conjugated to
FAM fluorophore (C1-FAM) at 10 and 100 uM or left untreated. Then cells were washed
with PBS three times, harvested, and suspended at 108 cells/mL. Untreated cells were
divided into two groups, one group was used as unstained controls and the other group
incubated with Peptide C1-FAM for 25 min at 4°C. Peptide C1-FAM was purchased from

GenScript.

Statistical analysis
All graphs and statistical analyses were performed using GraphPad Prism 10
(GraphPad Software Inc. La Jolla, CA). One-way ANOVA or two-way ANOVA analyses
were performed followed by a Tukey post hoc correction. Results were considered

significant at p < 0.05. Error bars on graphs show the standard deviation of the mean.

Results
Gene expression
For the screening of peptides 1, 4, and 6 (Figure 5.1A), for both ACAN and SOX-
9, the TGF-B3 positive control had significantly higher ACAN and SOX-9 gene
expressions compared to all other groups, including 1269-fold (p < 0.0001) and 17-fold
(p < 0.0001) higher values for ACAN and SOX-9, respectively, compared to the negative

control. As for the peptide experimental groups, no statistically significant differences

81



were observed among groups or compared to the negative control. Collagen Il was only
detected in the positive control group; therefore, relative gene expression could not be
calculated. As for collagen |, variable gene expression was observed among these
peptide groups (differences not significant), and TGF-3 had a 2.3-fold (p < 0.01) higher
value compared to the negative control. Peptide 1 at 10 nM and at 100 nM had 61% (p <
0.01) and 47% (p < 0.05) lower collagen | gene expression, respectively, compared to the
TGF-B3 positive control. Peptide 4 at 10 nM had 53% (p < 0.05) lower collagen | gene
expression compared to the TGF-33 positive control. Peptide 6 at 1 nM and 100 nM had
58% (p < 0.01) and 54% (p < 0.01) lower collagen | gene expression, respectively,

compared to the TGF-33 positive control.

For the screening of peptides 2, 5, and 9 (Figure 5.1B), the TGF-B3 group had
significantly higher ACAN and SOX-9 gene expression compared to all groups, including
884-fold (p < 0.0001) and 55-fold (p < 0.0001) higher values, respectively, compared to
the negative control. None of these peptide groups exhibited any significant differences
compared to the negative control. Interestingly, SOX-9 was not detected with Peptide 2
at 10 nM or with Peptide 5 at 100 nM. As for collagen |, no significant differences were
observed between the negative and positive controls or between these peptide groups
and the negative control. Peptide 2 at 10 nM had 1.3-fold (p < 0.05), 2.2-fold (p < 0.05),
and 2.6-fold (p < 0.05) higher collagen | gene expression compared to Peptide 5 at 1 nM,
Peptide 9 at 10 nM, and Peptide 9 at 100 nM, respectively. Peptide 5 at 100 nM had 2.2-
fold (p < 0.05), and 2.4-fold (p < 0.05) higher collagen | gene expression compared to

Peptide 5 at 10 nM, and Peptide 9 at 100 nM.
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For the screening of peptides C1-C5 in the nM range (Figure 5.2), all peptides were
run in parallel along with the same negative and positive controls; however, each peptide
was plotted on a separate figure for easier interpretation. For ACAN, for all peptides, no
statistically significant differences were observed among groups except for TGF-33,
which had significantly higher ACAN expression compared to all other groups, including
a 5.7-fold larger value (P < 0.0001) compared to the negative control. For SOX-9, no
significant differences were observed among groups for Peptide C1, C2, C3, and C4. As
for SOX-9 gene expression with Peptide C5 (Figure 5.3E), significant differences were
observed for Peptide C5 at 100 nM compared to all other groups with 2.6-fold (p < 0.001)
higher value compared to the negative control. Collagen Il was not detected in any of the
peptide groups; therefore, relative gene expression could not be calculated except for the

positive control group (Figure 5.2F).

For the screening of peptides C1-C5 in the uM range (Figure 5.3), there was no
positive control included in the data analysis because samples were lost during RNA
purification. For Peptide C1 (Figure 5.3A) for ACAN, Peptide C1 at 100 yM had a
significantly lower ACAN expression compared to all other groups, including a 59% (p <
0.0001) lower value compared to the negative control. No other statistically significant
differences in ACAN expression were observed among groups. For collagen I,
significantly higher gene expression was observed with C1 at 1 and 10 yM with 2.7-fold
(p < 0.05) and 2.8-fold (p < 0.01) higher values, respectively, compared to the negative
control. For Peptide C2 (Figure 5.3B), C2 at 100 uM had significantly lower ACAN

expression compared to all other groups, including a 70% (p < 0.0001) lower value
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compared to the negative control. No statistically significant differences were observed
among the other groups. For collagen II, 3.2-fold higher gene expression was observed
with C2 at 10 yM compared to the negative control (p < 0.01). As for SOX-9, no significant
differences were observed among groups. For Peptide C3 (Figure 5.3C), for ACAN, no
statistically significant differences were observed among groups except for C3 at 100 uM,
which had a lower value compared to two other groups, including a 42% lower ACAN
expression compared to the control group (p < 0.01). No significant differences were
observed among groups for the gene expression of collagen Il and SOX-9. For Peptide
C4 (Figure 5.3D), the control group had 1.5-fold (p < 0.05), 1.6-fold (p < 0.01), and 1.4-
fold (p < 0.05) higher gene expression compared to treatment with C4 at 1 uM, 10 uM
and 100 uM, respectively. No collagen Il gene expression was observed following
treatment with Peptide C4. As for SOX-9, a significantly higher gene expression was
observed with C4 at 100 uM compared to all other groups including a 2-fold (p < 0.01)
higher value compared to the negative control. For Peptide C5 (Figure 5.3E) only 1 uM
and 10 uM concentrations were evaluated, as C5 dissolves in DMSO and 100 uM
concentration would have resulted in a high DMSO concentration that could be toxic to
cells. Significantly higher ACAN gene expression was observed with C5 at 10 uM
compared to the control and C5-1 uM groups, with 3.5-fold (p < 0.001) and 2.3-fold (p <
0.01) higher gene expressions, respectively. For SOX-9, a significantly higher gene
expression was observed with both the C5 at 1 uM and C5 at 10 uM groups, with 1.7-fold

(p < 0.001) and 1.5-fold (p < 0.01) higher values, respectively, compared to the negative
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control. No collagen Il gene expression was observed following treatment with Peptide

C5.

Following the evaluation of peptides C1-C5, C1 had promising results with higher
collagen Il expression compared to the negative control and C5 had promising outcomes
with higher ACAN and SOX-9 gene expression. Therefore, an additional study was run

to evaluate the chondroinductive potential of C1 and C5 with and without TGF-3.

Starting with Peptide C1 (Figure 5.4A), for both and ACAN and collagen Il, TGF-
B3 had the highest gene expression with a 243-fold change (p < 0.0001) for ACAN and a
986-fold change (p < 0.0001) for collagen Il compared to the negative control. No
significant differences for the gene expression of ACAN or collagen Il were observed for
Peptide C1 alone. Additionally, no synergy was observed between Peptide C1 and TGF-
B3, rather in TGF-B3 medium: the addition of C1 at 1 uM or 10 uM resulted in 47% lower
(p < 0.0001) ACAN and 24% lower (p < 0.01) collagen Il gene expression compared to
TGF-B3 alone. For SOX-9, Peptide C1 at 1 yM had the highest gene expression with an
8.8-fold higher (p < 0.05) value compared to the negative control, and an 8.2-fold higher

(p < 0.05) value compared to C1 at 10 uM. No significant differences were observed

among groups in TGF-B3 medium for SOX-9 gene expression.

For Peptide C5 (Figure 5.4B), in the absence of TGF-$3, no significant differences
in the gene expression of ACAN, collagen II, or SOX-9 were observed among groups.
The TGF-B3 positive control had the highest ACAN gene expression with a 243-fold

higher value (p < 0.0001) compared to the negative control. In TGF-3 medium, for
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ACAN, the presence of C5 at 1 uM and 10 uM resulted in 50% (p < 0.0001) and 41% (p
< 0.001) lower gene expressions, respectively, compared to TGF-33 alone. The TGF-3
positive control had a 987-fold higher value (p <0.0001) compared to the negative control.
For collagen Il, in TGF-3 medium, the presence of C5 at 10 yM resulted in 99.7% lower
(p < 0.0001) gene expression compared to TGF-B3 alone. The presence of C5 at 1 uM
did not result in a significant difference in the gene expression of collagen Il compared to
TGF-B3 alone. For SOX-9, in TGF-3 medium, the presence of C5 at 1 uM and 10 uM
resulted in 35% (p < 0.001 ) and 64% (p < 0.0001) lower gene expressions as compared
to TGF-B3 alone. The TGF-B3 positive control had the highest SOX-9 gene expression,

with a 4-fold higher value (p < 0.0001) compared to the negative control.

For the investigation of the effect of DMSO on the chondrogenic differentiation of
hBMSCs (Figure 5.5), DMSO did not result in a significant change in the gene expression
of ACAN, collagen II, or SOX-9 compared to the control group. In TGF-B3 medium, for
ACAN, 0.5% and 1% DMSO resulted in 59% (p < 0.01) and 54% (p < 0.05) lower gene
expression, respectively, compared to TGF-33 alone. For collagen Il, in TGF-3 medium,
0.5% and 1% DMSO resulted in 59% (p < 0.0001) and 99% (p < 0.0001) lower gene
expression compared to TGF-B3 alone. For SOX-9, in TGF-f3 medium, 1% DMSO
resulted in a 58% (p < 0.05) lower value compared to TGF-33 alone, but no significant

difference was observed between the 0.5% DMSO and TGF-B3 group.

For the evaluation of the interaction of Peptide C1 with hBMSCs using flow

cytometry (Figure 5.6), the overnight treatment of h(BMSCs with 10 uM or 100 uM resulted

in positive staining compared to the unstained control with the 100 uM resulting in a higher
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staining intensity. Treatment of hBMSCs with 100 uM C1-FAM for 25 min, resulted in

positive staining compared to the unstained control, with a high intensity exceeding a

value of 1068.

The treatment of hBMSCs with both TGF-B3 and Peptide C1 at the higher

concentrations of 10 uM and 100 uM (Figure 5.7) did not result in any significant

difference in the gene expression of ACAN, collagen I, or SOX-9.

Discussion
The current study was the first to evaluate peptides identified from a new peptide
discovery strategy. Specifically, the current study is the first to evaluate and compare the
chondroinductive potential of the 11 newly discovered peptides in spheroid culture with
TGF-B3 as a positive control. Our hypothesis was not supported, as none of the peptides
resulted in significantly higher gene expression of all chondrogenic markers (i.e., ACAN,

collagen I, and SOX-9).

TGF-B3 was used as a positive control at a concentration of 10 ng/mL, equivalent
to ~ 0.4 nM. Therefore, all peptides were first evaluated in the nM range to match the
molar equivalency of TGF-B3. There was no promising upregulation of the gene
expression of chondrogenic markers ACAN, collagen Il, and SOX-9 in the nM range of
Peptides 1, 2, 4, 5, 6, or 9. Therefore, we did not pursue any additional investigation of

these peptides.

87



Peptides C1-C5 were first evaluated as soluble peptides in the nM range, and only
C5 showed a promising outcome, with a higher gene expression of SOX-9 compared to
the negative control. Given that the peptides exhibited promise based on the discovery
method, and the cautiously promising outcome of C5 at 100 nM, we investigated the
chondroinductive potential of peptides C1-C5 in the uM range. In the uM range, Peptides
C1 (upregulated collagen IlI) and C5 (upregulated ACAN and SOX-9) resulted in
promising outcomes compared to the negative control; hence, additional investigation
was done by evaluating peptides C1 and C5 with and without TGF-33 in the medium to
determine whether there was any synergy between each individual peptide and TGF-33.
No synergy was observed with Peptide C1 or C5. Instead, and rather surprisingly, a lower
gene expression of ACAN, collagen Il, and SOX-9 was observed mainly with C5 + TGF-
B3. We hypothesized that Peptide C5 was binding to TGF beta receptors and blocking
the binding of TGF-B3, thus resulting in a lower gene expression of chondrogenic
markers. However, since C5 was dissolved in DMSO with a final concentration of 1% in
the C1-100 uM group, we ran a study to evaluate the effect of DMSO on the chondrogenic
differentiation of hBMSCs. The results confirmed that DMSO at 1% did result in a lower
gene expression of ACAN, collagen Il, and SOX-9, suggesting that the inhibition may not
have been due to the peptide binding to the receptor, but rather due to the alternative

explanation for reduced gene expression with DMSO.

Since Peptide C1 dissolves in water, we evaluated the interaction of Peptide C1-
FAM with hBMSCs using flow cytometry and found that a positive staining with C1-FAM

following 18-20 hours or 25 min of incubation, which confirmed that Peptide C1 was
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binding to the hBMSCs. This result warranted additional investigation of synergistic
potential of Peptide C1 at 100 uM with TGF-B3. However, gene expression of
chondrogenic markers following treatment with TGF-3 and Peptide C1 (10 uM, and 100

uM) showed no synergistic potential of Peptide C1.

Given that Peptides C1-C5 may have a high binding efficiency to TGF receptors,
including with evidence with flow cytometry with C1, future work could be focused on
confirming whether the peptides do bind to the receptors in their native structures using
ELISA. Alternatively, biolayer interferometry (BLI) could be used for the detection and

characterization of molecular interactions between the peptide and the receptors.
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Chapter 6: Evaluation of the Chondroinductive Potential of Peptide D

with Conjugated TGF-B3 in a PHA Hydrogel

Abstract

The use of biomaterials is a promising approach for cartilage regeneration;
however, the current limitation with biomaterials is that they are not independently
chondrogenic. One approach to overcome this limitation is the conjugation of peptides
that would induce or enhance the chondrogenic differentiation of bone marrow-derived
stem cells (BMSCs). Our team had previously identified a new peptide that enhanced the
chondrogenic differentiation of human BMSCs (hBMSCs) in spheroid culture (not
published). Hence, in this chapter, | synthesized a pentenoate-functionalized hyaluronic
acid (PHA) hydrogel with conjugated Peptide D and conjugated TGF-B3. Additionally, |
evaluated the chondroinductive potential of the hydrogel with encapsulated hBMSCs in
hypoxia. Results indicated that in the presence of conjugated TGF-B3, Peptide D
enhanced the gene expression of collagen Il and SOX-9 compared to hydrogels with
conjugated TGF-B3 only. The successful synthesis of a chondroinductive biomaterial
allowed us to select promising groups to be evaluated in vivo in an osteochondral cartilage

defect model.
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Introduction
Articular cartilage fails to regenerate due to several factors mainly, low density and
proliferative capacity of chondrocytes, mechanical failure resulting from trauma, and
inflammatory stress.'® Despite substantial efforts in the development of new treatments,

the clinical outcomes fall short of restoring a native hyaline-like cartilage.

In recent years, scientists have pursued several directions to repair cartilage,
including advancing cell therapy techniques'®' and biomaterials.'8-184 |n cell therapy
techniques, the approach involves the use of several cell types, notably mesenchymal
stem cells (MSCs) or chondrocytes, leveraging the ability of the cells to differentiate and
secrete extracellular matrix to facilitate cartilage regeneration. Notably, the latest FDA
approved cell-therapy technique is matrix-assisted chondrocyte implantation (MACI),® for
full-thickness cartilage defects. Concurrently, another avenue of exploration focuses on
the development of biomaterials, that act as a foundation used to fill up defects while
supporting the regeneration of cartilage. A noteworthy advancement in the field of

biomaterials is Agili-C™ 18 that was FDA approved in 2022.186

In our previous review,'3® we highlighted peptides that have been reported to
induce the chondrogenic differentiation of stem cells. Of those peptides, HSNGLPL and
HAVDI, showed promising chondroinductive potential when used with hydrogels or
biomaterials. HSNGLPL was evaluated in self-assembling peptide amphiphile (PA gels)*®
and in chitosan gels*’ both in vitro and in vivo, and HAVDI have been evaluated in
methacrylated-hyaluronic acid (MeHA) hydrogels®'-® both in vitro and in vivo. While both

peptides required the presence of TGF-B1 or TGF-33 to promote their chondroinductive
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function, none of those peptides were evaluated in the presence of conjugated TGF-£33.
Additionally, in the case of HAVDI, no positive controls were used in the in vitro

experiments.51,53.57

TGF-B3 is the main growth factor used to induce the chondrogenic differentiation
of hBMSCs in vitro, and successful differentiation requires continuous supply of TGF-33
in the medium. In vivo, TGF-B in its active form is known to have a half-life of few
minutes,'8” posing a significant challenge for its application in vivo, as it would necessitate
multiple injections of TGF-B3. One strategy to address this challenge is the controlled
release of TGF-B3.'8 Previous research have reported the conjugation of TGF-B1 in
hydrogels'8®-192 at concentrations varying from 10 nM to 150 nM and found that TGF-B1
maintained its activity. Another study'®® reported the conjugation of TGF-B3 to
poly(ethylene glycol) (PEG) hydrogel at 50 nM and found that TGF-3 retains its activity.
In this study, we evaluated the chondroinductive potential of tethered TGF-B3 at 25 nM,
50 nM, and 100 nM in a pentenoate-functionalized hyaluronic acid (PHA) hydrogel with

encapsulated human bone marrow-derived mesenchymal stem cells (hBMSCs).

Recent unpublished in vitro work from our team identified Peptide D as a new
peptide that could induce chondrogenesis in the presence of TGF-B3. Therefore, in the
current study we conjugated Peptide D to PHA hydrogel. PHA hydrogels are an attractive
biomaterial owing to their rapid crosslinking time of 2 minutes, compared to other
hyaluronic acid-based hydrogels. Additionally, the paste-like rheology of the PHA
precursor solution allows seamless material delivery and shaping onto defects during

surgical procedures.' Peptide D was conjugated to PHA hydrogels with encapsulated
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hBMSCs in the presence of conjugated TGF-B3. Our hypothesis is that in the presence
of conjugated TGF-B3, Peptide D will enhance the gene expression of chondrogenic

markers and increase the production of glycosaminoglycans (GAGSs).

Materials and methods
Synthesis of pentenoate-functionalized hyaluronic acid (PHA)

Pentenoate-functionalized hyaluronic acid (PHA) was synthesized as previously
described.’* Briefly, 2 g of hyaluronic acid (HA, cat# HA15M-5, research grade,
Mw = 1.67 MDa, Lifecore Biomedical, Chaska, MN) was dissolved in 400 mL (0.5% (w/v))
deionized water (DI). Once dissolved, dimethylformamide (DMF, cat# 319937, Sigma-
Aldrich, St. Louis, MO) was slowly added to reach a final ratio of 3:2 (DI water : DMF).
Then, 500 mg of 4-(dimethylamino)pyridine (cat# 107700, Sigma-Aldrich) was added,
followed by the dropwise addition of 4.8 mL (5 M excess relative to HA) pentenoic
anhydride (cat# 471801, Sigma-Aldrich). The pH was maintained between 8 and 9 using
1 M sodium hydroxide (NaOH, cat# S318, FisherScientific, Waltham, MA) until the pH
became constant, and then the solution was left stirring overnight. Subsequently, 10 g
sodium chloride (NaCl, cat# 746398, Sigma-Aldrich) was added to the solution followed
by the addition of 2 L of acetone to precipitate the PHA. PHA pellets were recovered
following centrifugation at 6000 x g. PHA pellets were then dissolved in DI water and
dialyzed in DI water for 2 days using dialysis packets (MWCO: 6-8 kDa). Following
dialysis, the PHA solution pH was adjusted to 7.4 using NaOH (1 M), then the solution

was frozen, lyophilized, and stored at =20 °C.
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Hydrogel precursor preparation

PHA was sterilized by ethylene oxide gas (AN7916, Anderson Sterilizers, Haw
River, NC) then the hydrogel precursor was prepared at 4 wt% for all experiments. PHA
was suspended in 2x PBS or PBS + peptide or PBS + peptide + thiolated TGF-3 and
left to dissolve overnight at 4°C. Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP,
98 %, TCL0290-1G, TCI America, OR, USA) and DL-dithiothreitol (DTT, cat # D0632,
Sigma-Aldrich) were added at a final concentration of 0.65 mg/mL and 0.7 mg/mL,
respectively, on the same day of the experiment. Cells were mixed in at a final
concentration of 10® cells/mL. The precursor solution was then transferred into a
rectangular mold, crosslinked for 2 min using a 405 nm light, then punched using 8 mm

biopsy punches.

NMR quantification of pentenoate modification
Percent quantification of pentenoate functionalization of PHA was done using
nuclear magnetic resonance (NMR) on a VNMRS-500 MHz Spectrometer (Varian, Palo
Alto, CA), with 3-(Trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt (TMSP, cat#
269913-1G, Sigma-Aldrich) as an internal standard as previously described.'®® The

percent functionalization of PHA was determined to be 44%.

Thiolation of TGF-3
Carrier-free TGF-B3 (cat# 8420-B3-100/CF, R&D Systems, Minneapolis, MN) was
thiolated using Pierce™ Traut’s reagent (cat# 26101, ThermoFisher Scientific, Waltham,
MA) following the kit protocol. Zeba Spin Desalting columns (cat# 89891, ThermoFisher

Scientific) were used to separate thiolated protein from excess Traut’s Reagent. Following
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thiolation, Micro BCA™ Protein Assay (cat #23235, ThermoFisher Scientific) was used to
determine protein content, and Measure-iT™ Thiol Assay (cat# M30550, ThermoFisher
Scientific) was run to determine degree of thiolation following the respective kit's
protocols. Following thiolation and quantification, BSA was added to the eluted TGF-3
at a ratio of 50 ug BSA: 1 ug TGF-B3. 7-day chondrogenic differentiation studies were run
with hBMSCs using soluble thiolated TGF-33 to confirm the activity of the thiolated protein

prior to conjugating in hydrogels.

Cell culture
Cell culture: Human BMSCs (hBMSCs) were purchased from RoosterBio, Inc.,
Frederick, MD, cultured in RoosterBasal™-MSC and supplemented with 1%
penicillin/streptomycin  (P/S, cat# 15140122, ThermoFisher Scientific), and 20%
RoosterBooster™-MSC. The Donor for study 1 was a 19-year-old male was used for first
study. For studies 2 and 3 the donor was a 25-year-old male . Cells were seeded at 3,300

cells/cm?, passaged at 90% confluency, and used at passage 4.

Chondrogenic differentiation: For chondrogenic differentiation, hBMSCs were
encapsulated at 108 cells/mL. Hydrogels were added to the wells of a 48-well. Negative
control medium was prepared as previously desrcribed'? using DMEM/high
glucose/GlutaMAX™  with 1% P/S, insulin with human transferrin and selenous acid
(ITS)+ premix 1x, sodium pyruvate 1 mM, Minimum Essential Medium (MEM) non-
essential amino acids 1x, ascorbate-2-phosphate 50 ug/mL, and dexamethasone 100

nM. For the positive control, TGF-3 10 ng/mL was added to the negative control medium.
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Peptide D-GCGYG was purchased from GenScript (Piscataway, New Jersey). Cells were

incubated at 37 °C in hypoxia (5% O32) for 21 days.

Biochemical assays
On day 21, hydrogels were digested in papain solution consisting of 125 mg/mL
papain from papaya latex, 5 mM N-acetyl cysteine, and 5 mM EDTA, in PBS. Samples
were digested for 72 hrs at 60°C. The DNA content of the samples was measured using
a PicoGreen assay kit (P7589, ThermoFisher Scientific) following the manufacturer’s

protocol.

Glycosaminolglycan (GAG) content was determined using the Dimethylethylene
blue (DMMB) assay. DMMB dye solution (pH=3) was prepared as previously described'4°
and chondroitin sulfate A sodium salt (cat# C9819, Sigma-Aldrich Corporation) was used

for standard preparation. Six samples from each group (n = 6) were tested in duplicate.

Cell Viability assay

Viability of encapsulated hBMSCs in PHA hydrogels was performed with
PrestoBlue™ Cell Viability Reagent (cat # A13261, ThermoFisher Scientific) following the
kit's protocol. In summary, on day 1, 3, 7, 14 and 21, following the removal of medium
from each well, presto blue was diluted in prewarmed medium to a final concentration of
1X. Hydrogels were incubated with presto blue for 2 hours, followed by the transfer of 100
ul from every well into a black 96-well plate. Fluorescence (excitation: 540 nm, emission:
590 nm) was measured using a BioTek Cytation™ 5 plate reader (BioTek, Winooski, VT)
and the fluorescence was normalized to the average fluorescence of the PHA group for
each day.
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Real-time quantitative polymerase chain reaction

Total RNA was isolated from the pellets on day 21 using Quick-RNA Miniprep Plus
Kit (cat# R1058, Zymo Research, Irvine, CA) or the Quick-RNA Microprep Plus Kit (cat#
R1051, Zymo Research) following the kit handbook. Briefly, pellets were stored in
DNA/RNA shield, then digested with Proteinase K and digestion buffer for 4 hours at room
temperature, followed by the addition of an equal volume of lysis buffer. DNA transcription
was done using the High-Capacity cDNA Reverse Transcription kit (cat# 4368813,
ThermoFisher Scientific) or iScript Reverse Transcription Supermix (cat# 1708841, Bio-
Rad, Hercules, CA). Real-time quantitative polymerase chain reaction (RT-qPCR) was
performed using TagMan® Fast Universal PCR Master Mix (cat# 4366073, ThermoFisher
Scientific) or SsoAdvanced Universal Probes Supermix (cat# 1725284, Bio-Rad) on the
Analytik-Jena QTower3-G real-time thermocycler (AnalytikJena, Jena, Germany) or CFX
Opus 96 (Bio-Rad,) were used to run the qPCR. Preconfigured TagMan probes were
used were the screening experiments and are listed in Table 6.2. Bio-Rad duplexing
probes listed in Table 6.3 were used for the experiment evaluating the inhibitory potential
of C5 and the effect of DMSO. Eight samples from each group (n = 8) were tested in
duplicate. Relative levels of gene expression were calculated using the comparative AACt
method for relative quantification. The negative control group was the calibrator group

and GAPDH was used as the endogenous reference gene.

Statistical analysis
All graphs and statistical analyses were performed using GraphPad Prism 9

(GraphPad Software Inc. La Jolla, CA). One-way ANOVA or Two-way ANOVA analyses
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were performed followed by a Tukey post hoc correction. Results were considered

significant at p < 0.05. Error bars on graphs show the standard deviation of the mean.

Results
For the evaluation of Peptide D in PHA hydrogels at three concentrations 1 uM, 10
MM, and 100 uM in control and TGF-B3 media (Figure 6.1), for ACAN, no Ct values were
detected for the groups with control medium, as for the groups with TGF-3 medium, PHA
with conjugated Peptide D-10 uM exhibited the highest gene expression with 5-fold (p <
0.05) higher value compared to PHA alone. Interestingly, no ACAN was detected with

Peptide D at 100 uM group in the TGF-3 medium. For collagen Il, in control medium,
PHA + Peptide D-100 uM had significantly higher collagen Il gene expression with 1.8-
fold higher (p < 0.0001) value compared to the negative control; however, no significant
differences were observed between the negative control and PHA + Peptide D at 1 and
10 uM. The addition of TGF-B3 resulted in 1.4-fold (p < 0.05) higher collagen Il gene
expression in the PHA group compared to PHA in control medium. In TGF-3 medium,
PHA + Peptide D-100 uM had the highest collagen Il gene expression with 1.4-fold higher
(p < 0.01) value compared to PHA alone with TGF-B3, no other significant differences
were observed among the remaining groups in TGF-3 medium. For SOX-9, in control
medium, PHA+D-100 uM had the highest gene expression with 1.9-fold (p < 0.0001)
higher value compared to the negative control. In the presence of TGF-3, PHA+D-100
uM had 1.8-fold higher (p < 0.0001) value compared to the negative control. In TGF-3
medium, PHA+D-100 uM had 1.8-fold higher (p < 0.0001) SOX-9 gene expression

compared to both PHA+D-1 uM and PHA+D-10 uM.
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For the evaluation of the chondrogenic differentiation of encapsulated hBMSCs in
PHA hydrogels with conjugated TGF-B3 conjugated Peptide D (Figure 6.2A). PHA +
soluble TGF-B3 induced the highest gene expression of ACAN and collagen Il with 230-
fold (p < 0.0001) and 64-fold (p < 0.0001) higher values, respectively, compared to the
negative control (PHA in control medium); however, no significant differences in the gene
expression of SOX-9 were observed between PHA + soluble TGF-B3 group and the
negative control group. For ACAN, T25 (PHA + TGF-33-25 nM) and T50 PHA + TGF-33-
50 nM) had 170-fold (p < 0.0001) and 86-fold (p < 0.0001) higher values, respectively,
compared to the negative control. No significant differences were observed for the
remaining groups for ACAN. For collagen Il, T50 and T100 groups had 8.5-fold (p < 0.05)
and 10-fold (p < 0.01) higher values compared to the negative control. DT50 (PHA + TGF-
B3-50 + Peptide D-100 uM) and DT100 (PHA + TGF-3-50 + Peptide D-100 uM) had 21-
fold (p < 0.0001) and 18.5-fold (p < 0.0001) higher collagen Il gene expression compared
to the negative control. For SOX-9, T100 had 6-fold (p < 0.0001) higher gene expression
compared to the negative control. DT25, DT50, and DT100 had 6-fold (p < 0.0001), 11-
fold (p < 0.0001), and 10-fold (p < 0.0001) higher SOX-9 gene expression, respectively,
compared to the negative control. DT50 and DT100 had 1.9-fold (p < 0.0001) and 1.7-

fold (p < 0.001) higher SOX-9 gene expression compared to DT25.

We additionally evaluated the gene expression of osteogenic markers, collagen |,
collagen X, Runx2, and BGLAP (Figure 6.2B). For collagen |, PHA with soluble TGF-33
had the lowest gene expression for collagen | compared to all groups including 66% lower
(p < 0.0001) value compared to the negative control. TS50 had 25% lower (p < 0.05)

collagen | gene expression compared to negative control. DT25, DT50, and DT100 had
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25% (p <0.05), 44% (p < 0.0001), and 44% (p < 0.0001) lower collagen | gene expression
compared to the negative control. DT100 had 34% lower (p < 0.01) collagen | gene
expression compared to T100. For collagen X, PHA with soluble TGF-B3 had the highest
gene expression of collagen X compared to all groups including 19-fold higher (p <
0.0001) value compared to the negative control. DT50 had 26% lower (p < 0.05) collagen
X gene expression compared to T50, and DT100 had 27% lower (p < 0.01) value
compared to T100. No significant difference was observed between T25 and DT25 for
collagen X gene expression. For Runx2, no significant difference was observed between
soluble TGF-B3 and the negative control. DT25, DT50, and DT100 had 2.7-fold (p < 0.01),
4.8-fold (p < 0.0001), and 2.5-fold (p < 0.0001) higher Runx2 gene expression compared
to T25, T50, and T100, respectively. For BGLAP, no significant difference was observed
between soluble TGF-B3 and the negative control. DT25, and DT50 had 2.7-fold (p <
0.0001), and 1.7-fold (p < 0.0001) higher BGLAP gene expression compared to T25, and
T50, respectively. No significant difference was observed between DT100 and T100

groups.

For the GAG content (Figure 6.3A), PHA + Peptide D + TGF-25 nM (DT25) had
the highest DNA content, including 2.3-fold (p < 0.05) higher value compared to the
negative control. No significant differences were observed for the remaining groups. PHA
+ TGF-25 nM (T25) had 2.3-fold (p < 0.0001) higher value compared to the negative
control. No significant differences were observed among the PHA + TGF groups (T
groups), or among the PHA + TGF +Peptide D (DT) groups. As for the GAGs/DNA
content, T100 had 2-fold (p < 0.01) higher content compared to the negative control. We

evaluated the viability of hBMSCs encapsulated in the hBMSCs on day 1, 3, 7, 14 and 21
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(Figure 6.3B). On day 1 DT25, had the highest viability compared to all other groups, by
day 3 no significant differences were observed among all groups, on day 7 and day 14
DT25 had the highest viability among groups, but by day 21 no significant differences
were observed among groups. On day 21, we normalized the viability to DNA content
(Figure 6.3C), and only DT25 showed a significant decrease in viability compared to the
negative control; however, no other significant differences were observed among the

remaining groups.

We additionally evaluated Peptide D in the nM range (Figure 6.4). No significant
differences were observed among all groups without conjugated TGF-B3 for all genes.
PHA + TGF-B3 had 555-fold higher (p < 0.0001) ACAN gene expression, and 6-fold higher
(p < 0.0001) collagen Il gene expression compared to the negative control. For collagen
I, no significant differences were observed among groups with conjugated TGF-B3 and
conjugated Peptide D. However, for SOX-9, for PHA groups with conjugated TGF-33, the
conjugation of Peptide D at 10, 100, and 1000 nM resulted in 2.9-fold (p < 0.0001), 3.3-
fold (p < 0.0001), and 4.9-fold (p < 0.0001) higher values, respectively, compared to PHA

with conjugated TGF-33 only.
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Discussion
This study presents a novel PHA hydrogel with conjugated Peptide D that enhanced
the chondrogenic differentiation of encapsulated hBMSCs in the presence of TGF-33.
While the ultimate goal would be to synthesize a chondroinductive biomaterial without the
need of growth factors, the fact that no continuous TGF-B3 supplementation was needed
over a 21-day period is considered to be a major step toward the synthesis of an off-the-

shelf chondroinductive biomaterial.

In the current study, Peptide D was first evaluated at 1, 10, and 100 uM in the
presence or absence of soluble TGF-B3. Peptide D at 100 uM had the best outcome in
terms of collagen Il and SOX-9 gene expression in the presence or absence of soluble
TGF-B3. However, the lack of ACAN gene expression in the absence of TGF-3 prompted
the inclusion of a conjugated TGF-B3 and Peptide D in the PHA hydrogel for subsequent

experiments.

Next, we evaluated the chondroinductive potential of PHA + Peptide D (100 uM)
with or without conjugated TGF-f3. Conjugated TGF-B3 was evaluated at 25, 50, and
100 nM, where the best performing concentration was determined to be 100 nM.
Specifically, the 100 nM concentration resulted in significantly higher production of
GAGs/DNA, in addition to higher gene expression of ACAN, collagen Il, and SOX-9
compared to the negative control. Interestingly, PHA with soluble TGF-B3 resulted in
significantly higher gene expression of ACAN and collagen Il compared to PHA with
conjugated TGF-B3; however, there was no significant differences between soluble TGF-

B3 and conjugated TGF-B3 groups for GAGs/DNA production, which indicates that the

102



controlled release of TGF-B3 might have a temporal outcome on the gene expression of
chondrogenic markers; however, the overall production of GAGs was similar. Importantly,
a synergy between Peptide D and conjugated TGF-B3 (TGF-SH) was observed, as PHA
+ Peptide D + TGF-SH (50 and 100 nM) resulted in higher gene expression of collagen Il
and SOX-9 compared to the PHA+TGF-SH. Interestingly, the gene expression of ACAN
did not increase, which warrants additional investigation at earlier timepoints to monitor
the change in the longitudinal gene expression of ACAN by hBMSCs. For future in vitro
and in vivo studies, we decided to move forward with 100 nM TGF-SH. Prior to proceeding
to in vivo studies, we evaluated the chondroinductive potential at lower concentrations of
Peptide D at 10, 100, and 1000 nM, together with conjugated TGF-B3 at 100 nM.
Unfortunately, we observed a significant decrease in the gene expression of ACAN and
collagen Il with all 3 concentrations compared to PHA + TGF-SH. Therefore, we decided

to move forward with PHA + TGF-SH (100 nM) + Peptide D (100 uM) for in vivo studies.

Future work exploring amino acid substitutions in the Peptide D sequence would
be valuable to enhance the chondroinductive potential of Peptide D. Additionally, further
characterization of TGF-B3 conjugation within the hydrogel by comparing the release

kinetics of TGF-B3 from hydrogels with conjugated or mixed-in TGF-3.
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Chapter 7: Conclusion

The development of an acellular chondroinductive biomaterial would be
advantageous for clinical translation as it would be offered as a cost-effective, off-the-
shelf material that can be implanted in cartilage defects regardless of the size and location
of the defect. Additionally, chondroinductive biomaterials may be implanted in a single
surgery, thus avoiding the 2-step surgeries and the cell expansion required with currently
approved ACI techniques. While the recent approval of Agili-C™ from CartiHeal, Inc. is
encouraging for the field of biomaterials, the calcium carbonate-based biomaterial plug
comes in a fixed size, requiring the adjustment of the defect size via removal of healthy
cartilage to fit the implant. Moreover, it is not yet reported whether Agili-C™ has any
chondroinductive potential that would lead to the regeneration of a hyaline-like cartilage

tissue.

The development of a chondroinductive biomaterial requires two main
components, the base material (e.g., hydrogel, extracellular matrix), and the
chondroinductive factor to induce the chondrogenic differentiation of endogenous stem
cells. The latter is the focus of this dissertation. My journey started with a literature review
(Chapter 2) to identify already existing chondroinductive factors that | divided into two
major classes, small compounds and peptides. Based on efficacy reported in the
literature, | identified two compounds, kartogenin and SM04690, and two peptides, CM10
and CK2.1, as promising chondroinductive factors. One major takeaway from my review
was that there was a lot of variability in the cell sources, culture conditions, in vitro models,
and in vivo models used to evaluate the chondroinductive potential of peptides and

compounds. Most importantly, there was a clear absence of appropriate controls from a
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handful of studies. Hence, the following aims were drafted as a roadmap for this
dissertation (1) Establish an in vitro model for chondrogenesis and evaluate the
chondrogenic potential of equine, and human BMSCs (eBMSCs, and hBMSCs), and
equine umbilical cord mesenchymal stromal cells (eUCMSCs) in spheroid culture. (2)
Evaluate the chondrogenic potential of promising synthetic chondrogenic factors (CFs)
and their combinations with hBMSCs. (3) Synthesize and evaluate the chondroinductive

potential of a bioactive PHA hydrogel with conjugated TGF-B3 and synergistic Peptide D.

| started by developing a standardized in vitro model to evaluate chondrogenesis.
| evaluated varying cell spheroid sizes, medium formulations, and culture conditions (i.e.,
hypoxia). Eventually, | established a spheroid culture model, and cultured the cells in
hypoxia for 21 days prior to the evaluation of the gene expression of chondrogenic
markers and/or GAG content. | successfully applied this model to rat BMSCs, equine
BMSCs (eBMSCs), and human BMSCs (hBMSCs). Then, | directly evaluated and
compared the chondroinductivity of the most promising peptides and compounds that |
had identified from the literature (i.e., kartogenin, SM04690, CM10, and CK2.1) with
equine (Chapter 3) and human BMSCs (Chapter 4). None of these evaluated peptides
and compounds resulted in chondrogenesis (i.e., significantly higher gene expression of
chondrogenic markers or higher GAG synthesis compared to the negative control), with
both eBMSCs and hBMSCs. The results of chapters 3 and 4 emphasize that in vitro
chondroinduction may depend on the cell source and culture conditions (e.g., medium
composition, monolayer vs. pellet vs. 3D scaffold, hypoxia vs. normoxia), which highlights
the importance of including a universal positive control such as TGF-33 to allow proper

and rigorous evaluation of results across different papers.
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Given that none of the compounds from the previous literature turned out
promising, | decided to move away from compounds and shift my focus to peptides, since
peptides can be easily modified. Additionally, peptides are advantageous in
biocompatibility as they are biodegradable into amino acids that naturally exist in our
bodies. Moving away from peptides reported in the literature, | focused on newly
discovered growth factor-derived peptides, that were identified by our team using a new
peptide discovery approach. | evaluated 11 peptides in total (Peptides 1, 2, 4, 5, 6, 9 and
peptides C1-C5); however, none of the evaluated peptides resulted in the chondrogenic
differentiation of hBMSCs (Chapter 5). | mainly focused on peptides C1-C5 because they
exhibited a higher binding affinity to human TGF-3 receptors than Peptides 1-9.
Interestingly, flow cytometry showed positive staining with C1, indicating that there was
an interaction between Peptide C1 and hBMSCs; however, the interaction between
Peptide C1 and hBMSCs did not translate into an upregulation of chondrogenic markers.
| speculate that the peptide is binding to the receptor, but not initiating the necessary
downstream signaling required to induce chondrogenesis. Future work may include
running a PCR array for the human TGF pathway, to determine whether downstream
signaling is activated. Additionally, running a competitive ELISA with the peptides and
TGF-B3 may help determine whether the peptides are indeed binding to the TGF-
receptors in their native form. The evaluation of Peptide C1’s interaction with hBMSCs
using flow cytometry was a preliminary evaluation and | attempted both overnight
incubation and 30 min incubation of the peptide with cells, and both staining methods
resulted in a positive staining signal. However, it is not yet clear what the significance of
a positive staining with C1 indicates, as it may imply that the peptide is simply interacting
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with the cells (e.g., entrapped in the membrane, uptaken by the cell, non-specific binding)
and not really binding to the TGF-3 receptors. To better evaluate the specificity of the
interaction, a scrambled peptide control may be utilized in flow. Alternatively, a more
specific binding analysis method may be explored, Bio-Layer Interferometry (BLI), which
is an alternative to Surface Plasmon Resonance (SPR). BLI allows the quantification of
the specific binding of a soluble analyte to an immobilized receptor (Kp). Apart from
chondrogenesis, identifying a peptide that can bind to TGF-3 receptors is a desired
application in the cancer field, as blocking the TGF- pathway is a potential treatment for

late-stage tumor progression. 196197

Up to that point, | had not discovered a chondroinductive peptide in my thesis work;
therefore, the objective of my dissertation shifted to using a synergistic peptide that
enhanced the chondrogenic differentiation of hBMSCs in the presence of TGF-33. The
peptide named D had recently been identified by our team using the same peptide
discovery strategy used in chapter 5, and our team found that soluble Peptide D increased
the gene expression of chondrogenic markers in combination with soluble TGF-B3
compared to TGF-B3 alone. Therefore, in chapter 6, my objective was to synthesize a
biomaterial with conjugated Peptide D and conjugated TGF-B3. The base of the
biomaterial was an existing biomaterial developed by our team, a pentenoate-
functionalized hyaluronic acid hydrogel (PHA), which was chosen for its fast-crosslinking
time of ~2 min and the paste-like consistency of the precursor solution'% (the paste-like
behavior allows the filling of defects of any shape or size). | synthesized PHA with
conjugated Peptide D and conjugated TGF-33 and evaluated the chondroinductivity of a

range of concentrations for Peptide D and TGF-33 on encapsulated hBMSCs. Eventually,
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| successfully synthesized a chondroinductive biomaterial that enhanced the gene
expression of chondrogenic markers (collagen Il, and SOX-9). Future work may consider
the use of a scrambled Peptide D to confirm that the synergy observed with TGF-33 is
specific to Peptide D. Furthermore, future work involving conjugated TGF-B3 warrants the
investigation of the release kinetics of conjugated TGF-B3, and a comparison of
conjugated versus mixed-in TGF-3 in a PHA hydrogel (e.g., entrapped, controlled

release from microspheres) to determine the most effective method to incorporate TGF-

B3.

For the outcome analyses used throughout this dissertation, the in vitro screening
method relied on the evaluation of the chondroinductive potential of the peptides after 21
days in culture; however, it was observed that ACAN gene expression was low or not
detectable on day 21 for some experimental groups. Additionally, 21 days in culture is an
extended period of time to wait for results and limits the throughput. The 21-day culture
period is essential to evaluate the production of glycosaminoglycans (GAGs) by cells;
however, for the evaluation of gene expression, earlier timepoints could be explored.
Therefore, for future screening of peptides, it might be worth evaluating the gene
expression of chondrogenic markers on day 7 or day 14 in an attempt to increase the
throughput of the in vitro model, followed by 21-day studies for promising groups to
evaluate GAG production. Another highly important point regarding gPCR as an outcome
analysis was the choice of probes. Early on in the dissertation, a TagMan collagen Il
probe from ThermoScientific was used, and we observed that only the positive control
samples resulted in a quantifiable gene expression value, whereas no collagen Il was

detected with the negative controls or experimental groups. Later in the dissertation, we
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switched to Bio-Rad probes, and we were able to detect collagen Il with the negative and
positive controls, and the experimental groups. While that does not change the outcome
of the earlier studies as we quantify the relative change in the gene expression, the choice
of gene expression probes can change the sensitivity of the assay. Most of the outcome
analyses in this dissertation relied on gene expression of chondrogenic markers, which
is a snapshot that captures the particular cell state at the timepoint. However, knowing
that the gene expression of chondrogenic markers changes over the culture period, it is
vital to look at the protein expression of chondrogenic markers such as collagen Il, and
hypertrophy marker (collagen |) using ELISA, to determine the accumulation of the
measured protein over the culture period in order establish a better evaluation and

comparison among different peptides and TGF-33 positive control.

The culmination of all the in vitro work in this dissertation led to the initiation of a
currently ongoing in vivo study to evaluate the chondroinductive potential of the
synthesized PHA biomaterial with conjugated Peptide D and conjugated TGF-f3 in an

osteochondral cartilage defect model in rabbits.

The identification of Peptide D is proof of concept that the peptide discovery
method employed resulted in the identification of a peptide that interacts with and
enhances the chondrogenic differentiation of hBMSCs. Looking at the future, in addition
to pursuing more in-depth evaluation of PHA with conjugated Peptide D and conjugated
TGF-B3, the objective to identify a peptide that is chondroinductive in the absence of
growth factors remains an attainable target. Future peptide discovery methods could

focus on designing peptides that mimic the critical binding domain of TGF-B3 to its
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receptor maximizing the chances of peptide-receptor interaction. Additionally, new
peptide discovery strategies could focus on capturing the importance of secondary and

tertiary structure of the proteins when designing the peptides.

In the current dissertation, a chondroinductive biomaterial was synthesized that
induced the chondrogenic differentiation of hBMSCs in vitro. This biomaterial represents
a first step in the design of an off-the-shelf chondroinductive biomaterial poised to

revolutionize cartilage therapies.
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A | Peptides to Mimic Growth Factor or Other Ligand

Non-exhaustive list of peptides

QIKIWFQNRRKWKKMVPSDPSYEDMGGC (CK2.1)
k et = HAV-
[geceees: [eoovecesl *  LIANAK (CM-10)
. H-AISMLYLDENEKVVLKK(H AISMLYLDENEKVVLK}-Ahx-Ahx-

AhxRKRLDRIAR-NH2 {B2A)
SPPEPS
KIPKASSVPTELSAISTLYL
GRVDWLQRNANFYDWFVAELG
ANVAENA (CM-1)
GPPDWHWKAMTH (R1-P1)

| Peptides to Bind Growth Factors or Recruit MSCs

\ Non-exhaustive list of peptides
= HSNGLPL

= EPLQLKM (E7)

= PFSSTKT (PFS)

| Peptides Inspired by ECM

freesen] Non-exhaustive list of peptides

m = DHLSDNYTLDHDRAIH (Link N}
* GFOGER
= RYPISRPRKR (HA-bind)
= YKTNFRRYYRF (CS-bind)
* WYRGRL
= KLER
= GTPGPQGIAGQRGVV (P15)
= CDPGYIGSR

Growth factor mimicking peptide Growth factor (e.g., TGF, BMP, IGF)

p—
Growth factor binding peptide :{Eg; Scaffold
MSCs binding peptide e wsc

ECM macromolecule-derived peptide m Collagen I/l

ECM binding peptide ECM glycosaminoglycans

Figure 2.1: Different categories of peptides for cartilage regeneration with a non-
exhaustive list of example peptides in each category.

A) Peptides derived from or inspired by growth factors that play a role in chondrogenesis
or peptides, which are designed to bind growth factor receptors to activate
chondroinductive-related pathways. B) Peptides designed to bind to growth factors or
recruit MSCs, usually used in combination with scaffolds to induce chondrogenesis via
endogenous cells and signals. C) Peptides derived from extracellular matrix components
such as collagen |, I, Link N; or peptides that bind to glycosaminoglycans. Beyond these
three general categories, self-assembling peptides represent a separate approach as a
scaffolding material. Citations to individual peptides may be found in Tables 2.1, 2.2, 2.3,
and 2.4. BMP: bone morphogenetic proteins; ECM: extracellular matrix; IGF: insulin-like
growth factors; MSC: mesenchymal stem cell; TGF: transforming growth factors.
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[ Growth Factor-Inspired Peptides l

TGF-p Family | | BMP Family/Pathway |

/ \ /L N\

| IGF-1 |
""" [ Extracellular Marisdnspired Peptides | | Call-Call Interacton Peptide |
VAN T T 1
| HAabind | | csbing | [ LinkN | | GFOGER | E:HEV-EE-I

- Evaluated in vivo via subcutaneous or intraarticular injections

——

|_____! Evaluated in vivo in a cartilage defect model

Figure 2.2: Categories of chondroinductive peptides that have been evaluated for
cartilage regeneration without the addition of growth factors.

Example peptides are grouped based on their parent molecules or pathways. Peptides
that have been evaluated in vivo are highlighted in green and blue. Peptides highlighted
in green have to date been evaluated only subcutaneously or via intraarticular injections.
Peptides highlighted in blue with a dashed outline were evaluated in cartilage defect
models. Citations to individual peptides may be found in Tables 1 and 2. KIPKASS... =
KIPKASSVPTELSAISTLYL; GRVDWL... = GRVDWLQRNANFYDWFVAELG

135



14 99.97% 157 99.86% 171 99.61% 59 92 04% 257 04.40% 15 99.81%
114 1 139 - 194 10
" o ' o w2 o
5 5 3 E E 5
37 3 a2 37 317 37
(o] (o] Q ] ] o
] 9 13] ] 3
o 4 = M T 0 3 o PP ~ s c
10" 10° 10> 10° 10" 10 10' 10" 107 10" 10% 10° 10°10° 10" 10 107 10 10 10t w0t o 10 a0 10’ 1o 10' 107 107 10" 10" 10°
D CD29 CD29
137 99.94% 127 99.86% 16- 99.76% 48 98.60% 244 93.14% 12 99,58%
10] o] 12 36 18] 5
- = = = = =
5 E 5 E 5 5
37 EC 3 3 3 3
(] Q Q Q Q Q
3] 3] 4 12 5] 3
o o o o o o
10'10° 10° 10" 10" 10° w1’ 10’ 10 10° 16 10 10" 10" 10° 107 10° 10! 10° 10° 10" 107 10° -0 10”107 a0® 1w w0’ 10’ 10" 10 10°
CD44 CD44 CD44 CD44 CD44
13 Rk 13 99.72% 17 90.64% 56 98.44% 4 90.20% 137 99.76%,
109 1 13 44 EPs f
- = = - = =
5 ] 5 5 5 5
3 ] o 2" 3 " Q
Q Q Q Q Q Q
+ 4 15 1
o h, o o
10' 10" 107 10" 10° wo 10t 10" 10° 16° 10° 10 10'10" 107 10° 10° 120° 1010’ 107 10° 10% 10° 10010 100 10* 10° 10" 10° 10" 10° 10" 10 10
90 CD90 CDs0 CD90 CD90
15 2%y s 288%y 2 98.55% 3 98.22%) 40 98.64% 15 99.81%
11] 11 1 27 30 11
- = = = = =
5 5 5 5 5 5
3 4 3 31 e R 3
o Q o Q o o
4+ 4 & E 10 4
o o o o o o

10° 10 10° 10° 10° 10

10" 10° 10° 10" 10° 10°

o'10" 10’ 10! 10° 10

10° 10" 10° 10" 10° 10°

CD105 CDh105 CD105 CD105 CD105 Ch105
153 199- 278 58- 95 66% 97.92% 190-
115 149 209 a4 143
” o - = o
5 5 5 5 5
3 00 F 1 EE 3 o~
S Q O ] Q
38 50 70 15 48
o T o =T o * - o
00 10’ 10° 10" 400 10t 10 10 -10"-10° 10" 107 10° 100 100 10" 10° 10 10 10" 10° 10" 107 10 00 10' 100 10°
CD45 CD45 CD45 CD45 CD45 CD45
a7 a6 a7 35- a7
65 45 35 2% 65
o o o o o o
5 5 5 s 5 5
3 343 H FE 3 3
o] (] Q Q Q Q
2 27 12 9 22
T ™ R T s e s " 0 s e o s s O R T
010" 10" 10° 10 -0°10° 10 107 10 -10 10° 10° 107 10 10 10t 10* 1o -10° 10" w10 w010’ 10t 10° 10
3 cD73 CD73 CcD73 D
313 314 317 337
257 258 27 253
o 2 o .
c c c c
E El S 6] El
3172 3172 315 169
(o] (o] ] o]
86 86 5] 84
o o o o
Ll BlinM (e s e s il Phler Bl s s 53 s 6
w0 10 10° 10 10" 10 10’ 10 10’ 10 10" 10 10 0t 10 10 10' 10" 10 10" 10 10’ 10
CD79% CD7%a CD79a CD79a CD79a CD7%a

Figure 3.1: Flow cytometric histogram analyses of cell surface marker expressions
of equine bone marrow-derived bone marrow-derived mesenchymal stem cells
(eBMSCs) at Passage 4.

All eBMSC donors expressed CD29, CD44, CD90, and CD105 while being negative for
CD73 and CD79a. Donors 1, 2, 3, and 6 were negative for CD45, whereas donors 4, and
5 were slightly positive for CD45. Red histograms represent unstained controls and black
histogram represent stained samples.
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Figure 3.2: Flow cytometric histogram analyses of cell surface marker expressions
of Equine umbilical cord-derived mesenchymal stromal cells (eUCMSCs) at

Passage 4.

All eUCMSC donors expressed CD29, CD44, CD90, and CD105, while being negative
for CD45, and CD73. Donors 1, and 3 were slightly positive for CD79A. Red histograms
represent unstained controls and black histogram represent stained samples.
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Figure 3.3: Gene expression after 21 days in spheroid culture under hypoxic
conditions (5% O2).

A) Equine bone marrow-derived mesenchymal stem cells (eBMSCs): no compound
or peptide significantly increased chondrogenic gene expression of SOX-9, ACAN, or
collagen Il in eBMSCs compared to the control group. Interestingly, SM-30 nM and SM-
100 nM decreased the gene expression of all three genes compared to the control and
certain other groups. B) Equine umbilical cord-derived mesenchymal stromal cells
(eUCMSCs): the eUCMSCs treated with CM10-200 pM had 7.6 times greater SOX-9
gene expression than that of the eUCMSCs treated with KGN-10 uM. No other differences
were significant. There was no detectable ACAN gene expression except in some of the
TGF-B3 samples (data not shown), and there was no detectable collagen Il gene
expression in any of the samples. *p <0.05, ** p < 0.01, *** p <0.001, each letter indicated
significance from groups with other letters. n = 8 for Reported values are mean + standard
deviation. SM = SM04690, KGN = Kartogenin, CM100/CK200 = CM10 at 200 uM and
CK2.1 and 200 nM.
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Figure 3.4: Gene expression of equine bone marrow-derived mesenchymal stem
cells (eBMSCs) after 21 days in response to dexamethasone (Dex) in (A) hypoxia
or (B) normoxia in spheroid culture.

A) In hypoxic conditions, eBMSCs treated with dexamethasone had 43-fold and 181-fold
higher ACAN and collagen Il gene expressions, respectively, compared to the negative
control (i.e., no dexamethasone and no TGF-B3), whereas eBMSCs treated with both
dexamethasone and TGF-B3 had 45-fold and 138-fold higher ACAN and collagen Il gene
expressions, respectively, compared to the negative control. No significant differences
among groups were observed for SOX-9 or collagen | gene expression. B) In normoxia,
eBMSCs treated with both dexamethasone and TGF-B3 had the highest gene expression
for ACAN and collagen I, with 4108-fold and 4705-fold higher gene expressions,
respectively, compared to the negative control. No significant differences were observed
among groups for SOX-9. As for collagen |, eBMSCs treated with dexamethasone alone
exhibited the highest gene expression with 38-fold higher gene expression compared to
the negative control. * p < 0.05, ** p < 0.01, ** p < 0.001, n = 6-8. Reported values are
mean + standard deviation.
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Figure 3.5: Gene expression of equine bone marrow-derived mesenchymal stem
cells (eBMSCs) after 21 days in response to dexamethasone (Dex) in (A) hypoxia
or (B) normoxia in monolayer culture.

A) In hypoxic conditions, eBMSCs treated with only dexamethasone resulted in
significantly lower ACAN, collagen Il, and SOX-9 gene expression as compared to the
negative control; however, collagen | expression was 27-fold higher compared to the
negative control. Treatment with TGF-B3 alone had 2-fold higher ACAN and SOX-9 gene
expression, compared to the negative control. Treatment with both dexamethasone and
TGF-B3 did not result in a significant change in the gene expression of ACAN, collagen
[I, SOX-9, or Col I. B) In normoxia, eBMSCs treated with dexamethasone, TGF-3, or
both resulted in significantly lower gene expression of ACAN and collagen Il. Treatment
with dexamethasone alone resulted in significantly lower SOX-9 gene expression and the
highest gene expression of collagen | compared to the negative control. * p < 0.05, ** p <
0.01, *™* p < 0.001, n = 3-4. Reported values are mean + standard deviation.
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Figure 3.6: Gene expression of equine bone marrow-derived mesenchymal stem
cells (eBMSCs) after 21 days in response to dexamethasone (Dex) in hypoxia or
normoxia in spheroid culture.

In hypoxic conditions, eBMSCs treated with only dexamethasone resulted in 90.5% and
94.3% higher ACAN and collagen Il gene expression, respectively, compared to eBMSCs
treated with only dexamethasone in normoxia; For SOX-9 and collagen |, no significant
differences were observed between hypoxia and normoxia for the remaining groups. * p
< 0.05, each letter indicated significance from groups with other letters. n = 6-8. Reported
values are mean + standard deviation.
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Figure 3.7: Gene expression of equine bone marrow-derived mesenchymal stem
cells (eBMSCs) after 21 days in response to dexamethasone (Dex) in hypoxia or
normoxia in monolayer culture.

In hypoxic conditions, eBMSCs treated with only TGF-3 resulted in 89% and 49% higher
ACAN and SOX-9 gene expression, respectively compared to eBMSCs treated with only
TGF-B3 in normoxia. * p < 0.05, n = 3-4. Reported values are mean + standard deviation.
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Figure 3.8: Glycosaminoglycan (GAG) synthesis after 21 days in spheroid culture.

A) Equine bone marrow-derived mesenchymal stem cells (eBMSCs): eBMSCs
treated with TGF-B3 had the highest GAGs/DNA production with a 30% increase
compared to the negative control. SM-30 nM had the lowest GAGs/DNA production, and
no GAGs were detected with SM-100 nM. B) Equine umbilical cord-derived
mesenchymal stromal cells (eUCMSCs): For eUCMSCs, GAG was not detected in any
of the samples. * p < 0.05, ** p < 0.01, n = 4-8. Reported values are mean + standard
deviation. SM = SM04690, KGN = Kartogenin, CM100/CK200 = CM10 at 200 uM and

CK2.1 at 200 nM.

144



A) Hypoxia

ok ok
*okekk Il -Dex
I *kk | 3 +Dex
*okkk
1 *okok K *
1.04 * P 84 _ 15+
_ = *k
2 0.8 s
= — 6 =Y
= 3 2 10-
S 0.6 =
- o 4 <L
c & =
S 0.4+ b [a]
< (U] @ 59
Z 0.2 o 2
a 1G]
0.0- 0- 0-

-TGF-B3  +TGF-B3 -TGF-B3  +TGF-3 -TGF-B3  +TGF-B3

B) Normoxia

imm I

-TGF-B3  +TGF-3 -TGF-B3  +TGF-3 -TGF-B3  +TGF-B3

Kok ok * Il -Dex
KKK | * B3 +Dex

*
*
*
*
N
o
L|

e o =
o w o
] 1 1
=N

o

e
Iy
1

GAGs (ug)
N = N W h OO~ ©
GAGs/DNA (ug/1g)
5 @

DNA content (ug)

e

[
1
e

Q = NGO

bl

o
I
e
o

Figure 3.9: Glycosaminoglycan (GAG) synthesis of equine bone marrow-derived
mesenchymal stem cells (eBMSCs) after 21 days in response to dexamethasone
(Dex) in (A) hypoxia or (B) normoxia in spheroid culture.

A) In hypoxic conditions, eBMSCs treated with both dexamethasone and TGF-B3 resulted
in 3-fold higher GAG/DNA content compared to the negative control. B) In normoxia,
eBMSCs treated with both dexamethasone and TGF-B3 resulted in 35-fold higher
GAG/DNA production compared to the negative control. * p < 0.05, ** p < 0.01, *** p <
0.001, n = 6-8. Reported values are mean + standard deviation.
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Figure 3.10: Glycosaminoglycan (GAG) synthesis of equine bone marrow-derived
mesenchymal stem cells (eBMSCs) after 21 days in response to dexamethasone

(Dex) in monolayer culture.

A) In hypoxic conditions, eBMSCs treated with dexamethasone and TGF-33 resulted in
2.6-fold higher GAG production normalized to DNA content compared to the negative
control. No significant differences were observed among the remaining groups. B) In
normoxia, no significant differences were observed among the groups. * p < 0.05, ** p <
0.01, *** p < 0.001, n = 3-4. Reported values are mean + standard deviation.
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Figure 4.1: Chondrogenic gene expression of ACAN in hBMSCs spheroids after 21
days in culture.

No statistically significant differences were observed between groups except for TGF-3,
which had significantly higher aggrecan expression compared to all other groups,
including a 10,000-fold larger value compared to the negative control. ****Refers to
significant difference p < 0.0001, n = 6-8. Reported values are mean + standard deviation.
SM = SM04690, CK = CK2.1, CM = CM10, CM/CK (100/100) = CM10 at 100 uM and
CK2.1 and 100 nM, CM/CK(100/500) = CM10 at 100 pM and CK2.1 and 500 nM, CM/CK
(200/100) = CM10 at 200 uM and CK2.1 and 100 nM, CM/CK(200/500) = CM10 at 200
MM and CK2.1 and 500 nM, CM/KGN (100/1) = CM10 at 100 uM and kartogenin at 1 uM,
CM/KGN (100/10) = CM10 at 100 puM and kartogenin at 10 yM, CK/KGN (100/1) = CK2.1
at 100 nM and kartogenin at 1uM, CK/KGN (100/10) = CK2.1 at 100 nM and kartogenin
at 10 yM, CM/SM (100/30) = CM10 at 100 uM and SM04690 at 30 nM, CM/SM (100/100)
= CM10 at 100 pM and SM04690 at 100 nM, CK/SM (100/30) = CK2.1 at 100 nM and
SM04690 at 30 nM, CK/SM (100/100) = CK2.1 at 100 nM and SM04690 at 100 nM.
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Figure 4.2: Chondrogenic gene expression of SOX-9 in hBMSCs spheroids after 21
days in culture.

No significance was observed between groups except for TGF-B3 with 50-fold higher
gene expression as compared to the negative control. ****Refers to significant difference
p < 0.0001, n=6-8. Reported values are mean + standard deviation. SM = SM04690, CK
= CK2.1, CM = CM10, CM/CK (100/100) = CM10 at 100 pM and CK2.1 and 100 nM,
CM/CK(100/500) = CM10 at 100 uM and CK2.1 and 500 nM, CM/CK (200/100) = CM10
at 200 yM and CK2.1 and 100 nM, CM/CK(200/500) = CM10 at 200 uM and CK2.1 and
500 nM, CM/KGN (100/1) = CM10 at 100 uM and kartogenin at 1 yM, CM/KGN (100/10)
= CM10 at 100 yM and kartogenin at 10 uM, CK/KGN (100/1) = CK2.1 at 100 nM and
kartogenin at 1uM, CK/KGN (100/10) = CK2.1 at 100 nM and kartogenin at 10 uM, CM/SM
(100/30) = CM10 at 100 pM and SM04690 at 30 nM, CM/SM (100/100) = CM10 at 100
MM and SM04690 at 100 nM, CK/SM (100/30) = CK2.1 at 100 nM and SM04690 at 30
nM, CK/SM (100/100) = CK2.1 at 100 nM and SM04690 at 100 nM.
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Figure 4.3: Gene expression of collagen | of hBMSCs spheroids after 21 days in
culture.

A variation in the gene expression of collagen | by hBMSCs was observed in response to
the evaluated compounds and peptides. CM10 (100 uM) had the highest gene expression
with 2.5-fold higher expression compared to the control group. CK2.1 exhibited higher
gene expression of collagen | by 1.8 folds and 1.4 folds at 100 nM and 500 nM,
respectively. The combination of compounds and peptides did not induce a significant
difference in collagen | gene expression as compared to the negative control group.
Groups with the same letters indicate no significant difference, n=6-8. Reported values
are mean + standard deviation. SM = SM04690, CK = CK2.1, CM = CM10, CM/CK
(100/100) = CM10 at 100 pM and CK2.1 and 100 nM, CM/CK(100/500) = CM10 at 100
MM and CK2.1 and 500 nM, CM/CK (200/100) = CM10 at 200 yM and CK2.1 and 100
nM, CM/CK(200/500) = CM10 at 200 yM and CK2.1 and 500 nM, CM/KGN (100/1) =
CM10 at 100 uM and kartogenin at 1 yM, CM/KGN (100/10) = CM10 at 100 yM and
kartogenin at 10 uM, CK/KGN (100/1) = CK2.1 at 100 nM and kartogenin at 1uM, CK/KGN
(100/10) = CK2.1 at 100 nM and kartogenin at 10 uM, CM/SM (100/30) = CM10 at 100
MM and SM04690 at 30 nM, CM/SM (100/100) = CM10 at 100 yM and SM04690 at 100
nM, CK/SM (100/30) = CK2.1 at 100 nM and SM04690 at 30 nM, CK/SM (100/100) =
CK2.1 at 100 nM and SM04690 at 100 nM.
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Figure 4.4: Gene expression of ACAN, SOX-9, and collagen | of hBMSCs spheroids
from 3 different donors after 21 days in culture.

For ACAN, no statistically significant differences were observed between groups except
for TGF-B3 with all donors. Donor-based variation in the gene expression of SOX-9 in
response to experimental groups was observed. Notably, CM10 had a significantly higher
gene expression of SOX-9 as compared to the negative control only with donor 1 (Female,
20 yrs). SM04690, CM10, and CK2.1 induced a significantly lower gene expression of
collagen | as compared to the negative control with all donors, whereas KGN had variable
outcomes based on the donor. Groups with the same letters indicate no significant
difference, n=6-8. Reported values are mean + standard deviation. SM = SM04690, CK
= CK2.1, CM = CM10.
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Figure 5.1: Gene expression of human bone marrow-derived mesenchymal stem
cells (hnBMSCs) after 21 days of treatment with A) Peptides 1, 4, or 6, or B)
Peptides 2, or 5, or 9, in spheroid culture.

A) For ACAN, and SOX-9, no statistically significant differences were observed among
groups except for TGF-B3, which had significantly higher ACAN and SOX-9 gene
expression compared to all other groups, including 1269-fold higher value for ACAN
and 17-fold higher value for SOX-9, compared to the negative control. As for collagen
I, TGF-B3 had the highest gene expression with 2.3-fold higher value compared to the
negative control. B) For ACAN and SOX-9, no statistically significant differences were
observed among groups except for TGF-B3, which had significantly higher ACAN and
SOX-9 gene expression compared to all groups, including 884-fold and 55-fold higher
values compared to the negative control. As for collagen |, no significant differences
were observed between the negative and positive controls. * p < 0.05, ** p <0.01, *** p
< 0.001, **** p < 0.0001, n = 4-8. Reported values are mean + standard deviation.
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Figure 5.2: Gene expression of human bone marrow-derived mesenchymal stem
cells (hBMSCs) after 21 days of treatment with nanomolar (nM) concentrations of
A) Peptide C1, B) Peptide C2, C) Peptide C3, D) Peptide C4, E) Peptide CS5, in
spheroid culture. F) Collagen Il gene expression in control groups.

For ACAN, for all peptides no statistically significant differences were observed among
groups except for TGF-B3, which had significantly higher ACAN expression compared to
all other groups, including 5.7-fold larger value compared to the negative control. For
SOX-9, no significant differences were observed among groups for peptides C1, C2, C3,
and C4. Peptide C5 at 100 nM had significantly higher SOX-9 gene expression compared
to all other groups including 2.6-fold increase compared to the negative control. *** p <
0.001, **** p < 0.0001, n = 6-8. Reported values are mean + standard deviation.
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Figure 5.3: Gene expression of human bone marrow-derived mesenchymal stem
cells (hnBMSCs) after 21 days of treatment with micromolar (uM) concentrations of
A) Peptide C1, B) Peptide C2, C) Peptide C3, D) Peptide C4, E) Peptide C5, in
spheroid culture.
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A) For ACAN, C1 at 100 uM had significantly lower ACAN expression compared to all
other groups, including a 59% lower value compared to the negative control. C1 at 1 and
10 pM had 2.7-fold and 2.8-fold higher collagen Il gene expression, respectively,
compared to the negative control. B) For ACAN, C2 at 100 uM had significantly lower
ACAN expression compared to all other groups, including a 70% lower value compared
to the negative control. C2 at 10 uM had a 3.2-fold higher collagen Il gene expression
compared to the negative control. C) C3 at 100 uM had 42% lower ACAN expression
compared to the control group. D) For ACAN, the control group had 1.5-fold, 1.6-fold, and
1.4-fold higher gene expressions compared to treatment with C4 at 1 uM, 10 uM and 100
uM, respectively. No collagen |l gene expression was observed following treatment with
Peptide C4. As for SOX-9, C4 at 100 uM had a significantly higher gene expression
compared to all other groups including 2-fold higher value compared to the negative
control. E) For ACAN, C5 at 10 uM had significantly higher gene expression compared to
the control and C5-1 uM groups, including 3.5-fold higher gene expression compared to
the control group. No collagen Il gene expression was observed following treatment with
Peptide C5. As for SOX-9, a significantly higher gene expression was observed with both
the C5-1 uM and C5-10 uM groups, with 1.7-fold and 1.5-fold higher values, respectively,
compared to the negative control. * Refers to significant difference p < 0.05, ** p < 0.01,
***p <0.001, **** p <0.0001, n = 6-8. Reported values are mean + standard deviation.
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Figure 5.4: Gene expression of human bone marrow-derived mesenchymal stem
cells (hnBMSCs) after 21 days in spheroid culture with A) Peptide C1 (1 uM, 10 uM),
B) Peptide C5 (1 uM, 10 pM) with and without TGF-£33.

A) TGF-B3 had the highest ACAN and collagen Il gene expressions with a 243-fold and
a 986-fold higher values, respectively, compared to the negative control. In TGF-33
medium, C1 at 1 uM or 10 uM resulted in 47% lower gene expression compared to TGF-
B3 alone. For collagen Il, in TGF-3 medium C1 at 1 uM or 10 uM resulted in 24% lower
gene expression compared to TGF-B3 alone. For SOX-9, Peptide C1 at 1 yM had an 8.8-
fold higher value compared to the negative control. B) TGF-f3 had the highest ACAN and
SOX-9 gene expression with 243-fold higher and 4-fold higher values, respectively,
compared to the negative control. C5 at 1 uM or 10 uM resulted in 50% and 41% lower
ACAN gene expression compared to TGF-33 alone. For collagen Il, C5 at 1 uM had an
850-fold higher value compared to the negative control. In TGF-3 medium, C5 at 10uM
had 99.7% lower collagen Il gene expression compared to TGF-B3 alone. For SOX-9,
control. In TGF-B3 medium C5 at 1 yM and 10 uM had 35% and 64% lower SOX-9 gene
expression compared to TGF-B3 alone. * Refers to significant difference p < 0.05, and
groups with the same letters indicate no significant difference from each other, n=6-8.
Reported values are mean + standard deviation.
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Figure 5.5: The effect of dimethyl sulfoxide (DMSO) on the chondrogenic
differentiation of human bone marrow-derived mesenchymal stem cells (hnBMSCs)
after 21 days in spheroid culture.

For ACAN, lower gene expression was observed with TGF-33 + 0.5% DMSO and TGF-
B3 + 1% DMSO compared to TGF-B3 alone with 59%, and 54% lower values compared
to TGF-B3 alone. For collagen Il lower gene expression was observed with TGF-3 +
0.5% DMSO and TGF-B3 + 1% DMSO with 59% and 99% lower values compared to
TGF-B3 alone. For SOX-9, significantly lower gene expression was observed with TGF-
B3 + 1% DMSO with a 58% lower value compared to TGF-B3 alone. Groups with the
same letters indicate no significant difference, n=5-6. Reported values are mean +
standard deviation.
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Figure 5.6: Flow cytometry to evaluate the interaction of Peptide C1-FAM with
human bone marrow-derived mesenchymal stem cells (hBMSCs) following (A)
overnight (C1-10 yM and C1-100 uM) or (B) same day staining (C1-10 uM).

A) Overnight treatment of hBMSCs with Peptide C1 at 10 uM (red histogram) or 100 uM
(blue histogram) resulted in a positive staining compared to unstained hBMSCs (black
histogram). B) Treatment of h(BMSCs with 100 uM Peptide C1-FAM for 25 min, resulted
in positive staining (green histogram) compared to unstained hBMSCs.
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Figure 5.7: Gene expression of human bone marrow-derived mesenchymal stem
cells (hBMSCs) after 21 days in spheroid culture with Peptide C1 (10 uM or 100 uM)
and TGF-f33.

TGF-B3 resulted in significantly higher ACAN, collagen Il, and SOX-9 gene expression
compared to the negative control. The combination of TGF-B3 and Peptide C1 treatment
did not result in any significant difference compared to the TGF-B3 group. * Refers to
significant difference p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n = 6. Reported
values are mean + standard deviation.
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Figure 6.1: Gene expression of encapsulated human bone marrow-derived
mesenchymal stem cells (hnBMSCs) in pentenoate-functionalized hyaluronic acid
(PHA) hydrogel with conjugated Peptide D (1 pM, 10 uM, 100 pM) with and without
soluble TGF-B3.

For ACAN, in TGF-B3 medium, PHA with conjugated Peptide D at 10 uM exhibited the
highest gene expression with 5-fold higher value compared to the negative control. For
collagen Il, PHA with conjugated Peptide D at 100 uM had the highest gene expression
with both the control medium and TGF-B3 medium with 1.8-fold and 2-fold higher value,
respectively, compared to PHA alone with control medium. For SOX-9, PHA with
conjugated Peptide D at 100 uM had the highest gene expression with both the control
medium and TGF-B3 medium with 1.9-fold and 1.8-fold higher value, respectively,
compared PHA alone with control medium. * p < 0.05, groups with the same letters
indicate no significant difference, n = 6-8. Reported values are mean + standard deviation.
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Figure 6.2: Chondrogenic (A) and osteogenic (B) gene expression of encapsulated
human bone marrow-derived mesenchymal stem cells (hnBMSCs) in pentenoate-
functionalized hyaluronic acid (PHA) hydrogel with conjugated Peptide D at 100 uM
and conjugated TGF-B3 (25 nM, 50 nM, 100 nM) after 21 days of culture.

A) PHA with soluble TGF-B3 had the highest gene expression for ACAN and collagen Il
with 230-fold and a 64-fold higher values, respectively, compared to the negative control.
As for SOX-9, DT50 and DT100 groups had an 11-fold and 10-fold higher values,
respectively, compared to the negative control. B) DT25, DT50, and DT100 had 25%,
44%, and 44% lower collagen | gene expression compared to the negative control. For
collagen X, DT50 and DT100 had 26%, and 27% lower collagen X gene expression
compared to T50, and T100, respectively. DT50, and DT100 had 4.8-fold, and 2.5-fold
higher Runx2 gene expression compared to T50, and T100, respectively. For BGLAP,
DT25, and DT50 had 2.7-fold, and 1.7-fold higher values compared to T25, and T50,
respectively.* p < 0.05, ** p < 0.01, **** p < 0.0001. Groups with the same letters indicate
no significant difference, n = 6-8. Reported values are mean + standard deviation. T25 =
PHA + TGF-SH (25 nM), T50 = PHA + TGF-SH (50 nM), T100 = PHA + TGF-SH (100
nM), DT25 = PHA + Peptide D (100 pyM) + TGF-SH (25 nM), DT50 = PHA + Peptide D
(100 uM) + TGF-SH (50 nM), DT100 = PHA + Peptide D (100 uM) + TGF-SH (100 nM).
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Figure 6.3: Biochemical content (A) and viability (B, C) of encapsulated human
bone marrow-derived mesenchymal stem cells (hBMSCs) in pentenoate-
functionalized hyaluronic acid (PHA) hydrogel after 21 days in culture.
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A) DT25 had the highest DNA content, including 2.3-fold higher value compared to the
negative control. No significant differences were observed for the remaining groups. T25
had 2.3-fold higher GAG content compared to the negative control. As for the GAGs/DNA
content, T100 had 2-fold higher content compared to the negative control. B) The viability
of encapsulated hBMSCs was evaluated on days 1, 3, 7, 14, and 21. Variable viability
results were observed on different days, on day 1, DT25 had the highest viability
compared to all remaining groups. On day 21, no significant differences were observed
among groups. C) For viability normalized to DNA content on day 21, DT25 had a lower
value compared to PHA alone, and no other significant differences were observed among
the remaining groups. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Groups with
the same letters indicate no significant difference, n = 6-8. Reported values are mean +
standard deviation. T25 = PHA + TGF-SH (25 nM), T50 = PHA + TGF-SH (50 nM), T100
= PHA + TGF-SH (100 nM), DT25 = PHA + Peptide D (100 uM) + TGF-SH (25 nM), DT50
= PHA + Peptide D (100 uM) + TGF-SH (50 nM), DT100 = PHA + Peptide D (100 pM) +
TGF-SH (100 nM).
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Figure 6.4: Gene expression of encapsulated human bone marrow-derived
mesenchymal stem cells (hnBMSCs) in pentenoate-functionalized hyaluronic acid
(PHA) hydrogel with conjugated Peptide D (10 nM, 100 nM, 1000 nM) with and
without conjugated TGF-33.

PHA with conjugated TGF-B3 had 555-fold and 6-fold higher ACAN and collagen Il gene
expression, respectively, compared to the negative control. For SOX-9, for PHA groups
with conjugated TGF-33, the conjugation of Peptide D at 10, 100, and 1000 nM resulted
in 2.9-fold (p < 0.0001), 3.3-fold (p < 0.0001), and 4.9-fold (p < 0.0001) higher values,
respectively, compared to PHA with conjugated TGF-B3 only. Groups with the same
letters indicate no significant difference, n = 6-8. Reported values are mean + standard
deviation. T25 = PHA + TGF-SH (25 nM), T50 = PHA + TGF-SH (50 nM), T100 = PHA +
TGF-SH (100 nM), DT25 = PHA + Peptide D (100 uM) + TGF-SH (25 nM), DT50 = PHA
+ Peptide D (100 uM) + TGF-SH (50 nM), DT100 = PHA + Peptide D (100 pM) + TGF-
SH (100 nM).
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Table 2.1: Summary of in vivo studies performed with chondroinductive peptides.

Negative

Growth

Pebtide Parent/Target Reference Sham  /Material Positive factors Animal Defect type and Cells Injection Evidence of
P Molecule control control added Model size included method Chondroinduction
Enhanced articular
cartilage formation
Akk|ra4];1 None . .PB.S BMP-2 None C57.BL/ 6J N/A None Systemic based on. Saf-Offast
2017a injection mice green staining and col-
Inhibits the [I, IX immunostaining
CK2.1 binding of (N, P).
CK2 to Increased
BMPRIa immunostaining of col-
Akk'raﬂj Yes . .PBS None None C57[.3L/6J DMM None Intra-articular I an.d IX along_ \.N'th a
2017b injection mice low immunostaining of
col-X and osteocalcin
(M, N).
Significant
d;\:vnoetze;nfml- enhancement of the
1) rhTGF- thickness chondral Self-assembly  regenerative potential
B1 supramolecular  of microfracture-treated
Shah N . defects followed fi f
201046 one None 2) TGFBPA None Rabbits by microfracture None nanofibers chondral defects based
+rhTGF- were created in (TGFBPA) fitted on gross morphology,
B1 the femoral into defects col-Il  immunostaining,
HSNGLPL TGF-p1 trochlear groove and GAG staining by
affinity Saf-O (M, P).
4 mm diameter Cartilage surface of
osteochondral peptide treated groups
Chen Chitosan . defects in the Sponges press- was smooth and
2018%7 Yes scaffold None None Rabbits middle of the None fit into defects  continuous with higher

femoral trochlear

groove

GAG and col-ll staining
(Sh, M)
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Table 2.1: continued

Peptide

Parent/Target
Molecule

Reference

Sham

Cells
included

Growth
factors added

Animal
Model

Positive
control

Negative
[IMaterial control

Defect type
and size

Injection
method

Evidence of
Chondroinduction

HAVDI-

N-Cadherin

Bian
20135

None

MeHA hydrogel
group and
scrambled group

TGF-B3
loaded
microspheres

None Nude mice N/A hMSCs

Subcutaneous
injection

Peptide-containing
implants exhibited a higher
content of GAGs and
collagen, and more intense
staining of col-Il and CS in
the presence of hMSCs
and TGF-B3 loaded
microspheres (M, S).

Feng
2020°°

Yes

4 mm
diameter
osteochondral
defects in the
patellar
groove

Aggrecanase 1
degradable
hydrogel

Rabbit

Rabbits BMSCs

None None

Hydrogels
implanted into
defects

HAV-conjugated hydrogels
exhibited more intense
staining of GAGs and col-ll
and no col-l staining (M,
S).

Teng
2021%7

None

MeHA hydrogel None None Nude mice N/A hBMSCs

Subcutaneous
injection

MeHA+HAV+RGD
hydrogels exhibited
enhanced GAG and
collagen content (M).
MeHA+HAV+RGD
hydrogels
encapsulated
exhibited a high and
significant  increase in
GAG and collagen content
as compared to
MeHA+HAV+RGD.

with
kartogenin
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Table 2.1: continued

Parent/Target Reference Sham Negative Positive Growth Animal Defect type Cells Injection Evidence of

Peptide Molecule IMaterial control control factors added Model and size included method Chondroinduction

Ectopic cartilage formation
was observed as
. demonstrated by intense
(L&Nr!l’X)K) TGF-$1 2Zoqa5r(‘;§1’ None Microspheres None None Mice N/A ;\jg%; Suliar%l;’?[ir:)enous Saf-O sta_ining of QAGS
and col-ll immunostaining,
with no apparent

mineralization (M).

CM10 resulted in
significant  chondrogenic
Park - Subcutaneous differentiation with
None Hydrogel alone None None Mice N/A o increased staining of col-ll
201962 hPLSCs injection

and GAGs. Increased
gene expression of SOX9,

ACAN, and col-ll (M).

Significant repair of
articular cartilage in B2A
treated group based on
H&E and Saf-O staining

(N).

BMP-2 Chemically

B2A Lin 201264 None Saline injection ~ Normal None Rats induced OA by None
receptors MIA

Synovial space
injection

Sh = As compared to sham; M = As compared to material control; N = As compared to negative control; S = As compared to scrambled group; P = As compared to positive control

Abbrev: ACAN = Aggrecan; BMSCs = Bone marrow stem cells; CK2 = Casein Kinase 2; CS = Chondroitin sulfate; DMM = Destabilized medial meniscus; GAG = Glycosaminoglycans; hMSCs =
human mesenchymal stem cells; hPLSCs = human periodontal ligament stem cells; MeHA = Methacrylated hyaluronic acid; MIA = Monoiodoacetate; OA = Osteoarthritis; Saf-O = Safranin O
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Table 2.2 Summary of in vitro studies performed with chondroinductive peptides.

Parent Negative/ Positive Growth factors
Peptide References Format Cells Material Evidence of Chondroinduction
Molecule control control added
Inhibits C3H10T | | | |
the Akkiraiu 1/2 Peptide- CK2.1 stimulated an increase in proteoglycan and col-ll
CK2.1 binding of 2017314 Soluble peptide stem free BMP-2 None synthesis, along with lower gene expression of col-X and
CK2 to cells medium osteocalcin (N, P).
BMPRIa
HSNGLPL treatment resulted in a higher ACAN gene
Human , Filler PA+TGF- expression level after 4 wks of culture but not at previous time
46 -
Shah 2010 PA gels MSCs Filler PA B1 TGF-B1 points (M). After three weeks, there was no difference in GAG
HSNGLPL TGF-p1 production between peptide and control groups (M).
. . . . Scaffolds with 10:3 chitosan to peptide ratio exhibited the
Chen 2018+ | Chitosan scaffold — Pig —Chitosan ¢, zop ¢ Pre-loaded with —p oot gene expression levels of SOX9, colll, and ACAN,
(CHI) MSCs scaffold TGF-B1
whereas col-X was not upregulated (M, P)
HAVDING significantly increased the gene expression of col-ll,
MeHA Human MeHA ACAN, and SOX9 on days 1 and 3; however, by Day 7, no
Bian 2013°' hvdrogel+peptide  MSCs Hydrogel & None TGF-B3 significant difference was observed between groups. Following
ydrogelrpep scrambled 28-day culture with hMSCs, HAVDING increased GAG and
collagen content (M, S).
MeHA
Ml_e&o :1321? V%ﬁ'; Hydrogel HAVDING treatment resulted in a dose-dependent increase in
Kwon ADAM10- Human group & None TGF-B3 col-Il gene expression during the first seven days of culture but
2018% cleavable MSCs  scrambled not at 14 days. At 56 days, increased levels of sGAGs and col-
domain peptide Il staining was observed (M, S).
group
N-
HAVDI- Cadherin ___ Amphiphilic
Amzh;;i) dhéhc ngiF;?iin StemPro Increased GAG accumulation was observed in rBMSCs
Cimenci ngn?)fiber Rat Svstem+no None Chondrogenesis cultured on HAV-nanofibers (M). Increased gene expression of
2019 svstem+HAV BMSCs nybioactive Differentiation  col-1l, ACAN, and SOX-9 was observed at day 3, 7, and 14 in
y motif motif & Kit rBMSCs cultured on HAV-nanofibers (M).
TCP
MeHA + HAV + RGD significantly upregulated the gene
Crosslinked with  Human MeHA expression of ACAN, and col-ll as compared to MeHA and
Teng 2021°7 MeHA hvdrogel BMSCs  hvdrogel None TGF-B3 MeHA + HAV. The encapsulation of kartogenin in MeHA + HAV
ydrog yarog + RGD resulted in the highest gene expression of ACAN, col-
II, and SOX-9 as compared to MeHA + RGD + HAV.
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Table 2.2 continued

Parent Negative/ Positive Growth factors
Peptide References Format Cells Material Evidence of Chondroinduction
Molecule control added
control
SPPEPS in soluble form enhanced the expression of SOX9
Adarecan TGF-B3 and col-ll after 3 days of culture (M). Proteomic analysis
99 Mahzoon Soluble or with Peptide- , showed 60 proteins common between the SPPEPS and
SPPEPS and TGF- 65 Rat BMSCs (proteomic None o :
B3 2019 PHA hydrogel free group analysis only) positive control groups on day 7. At day 14, 26 proteins
y y were shared between the SPPEPS group and the positive
control group.
Nanofibrous Nanofibro
Zhang . Rabbit us Positive Saf-O staining, appearance of round differentiated
61 microspheres + : None None ,
2015 CM10 BMSCs microsphe cells encased in lacunae (M).
res
CM10 (LIANAK) TGF-p1 :
Soluble or Human Peapr;[:jde CM10 increased the staining of col-Il and GAGs (N). CM10
Park 201962 | crosslinked with TGF-B None increased gene expression of SOX9, ACAN, and col-ll ata
PLSCs growth .
HA hydrogel comparable fold increase to TGF- group (N, P).
factor-free
Increased concentrations of Link N protein resulted in
Hyalurona Peptide increased gene expression of SOX9, col-Il, and ACAN with
69 : and ) no increase in Runx2 nor col-X expression. Link N
LINKN a te raeI::(:m He 2018 Soluble peptide CSPCs growth TGF-g3 None stimulated the chondrogenic differentiation of CSPCs in 3D
99 factor-free culture, based on col-Il, SOX9 immunostaining. The best
performance was for the peptide + TGF-$3 group (N, P).
PEG hvdrogel + Human Peptide- CMP enhanced GAG, col-ll, and ACAN staining in the
Liu 201072 ey tidg MSCs free TGF-B3 + TGF-B3 presence of TGF-B3 (M). SOX9 gene upregulated, col-X
Binds bep hydrogel gene downregulated (M).
GFOGER (CMP) a2p1
integrin PEG hydrogel Peptide- GFOGER increased GAG and DNA synthesis. Gene
Mhanna with MMP Human . . . o
201473 " . free None TGF-B3 expression of col-ll was highest in GFOGER-modified
sensitive motifs + MSCs
. hydrogel degradable gels (M).
peptide
C3H10T1/2 Peptide- B2A upregulated gene expression of Fgfr1, Fgfr2, Fgf1,
BMP-2 Human f?ee Onlv in the col- Smad1, Smad4, and Twist1 (N). Matrix genes col-l and col-
B2A Lin 20123 Soluble peptide BMSCs yint None Il were upregulated (N). B2A stimulated the production of
receptors culture Il experiment )
) GAGs and collagen Il in hBMSC and human chondrocytes
Human medium o
NACs in micromass culture (N).
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Table 2.2 continued

Peptide

Parent Molecule

References

Format

Cells

Negative/Material
control

Positive
control

Growth
factors
added

Evidence of Chondroinduction

KIPKASSVPTELS
AISTLYL

BMP-2

Renner 201278

Soluble peptide

Human
MSCs

Peptide-free
culture medium

BMP-2; TGF-3

None

BMP peptide increased the
production of GAGs (N, P).
Significant increase in total collagen.
No increase in AP activity or col-I
deposition (P). Upregulated gene
expression of col-ll and SOX9 at
week 1 (N). Col-l and X gene
expression increased as well (N), but
at reduced values as compared to
BMP-2 treated cells.

RYPISRPRKR

HA-bind

YKTNFRRYYRF

CS-bind

Parmar 2015%3

MMP7-Scl2

Human
MSCs

Peptide-free
hydrogel;
scrambled peptide
hydrogel

None

TGF-B3

HAbind and CSbind enhanced the
gene expression of col-Il, ACAN, and
SOX9 in hMSCs (M). The highest
gene upregulation of chondrogenic
markers was for HAbind at 10%
functionalization group. Col-I and X
gene expression were significantly
lower in HAbind and CSbind
hydrogels (M). Total collagen, sGAG,
and DNA content were highest for the
HAbind (10%) groups (N, P).

GRVDWLQRNANF
YDWFVAELG

IGF-1

Renner 20137°

Soluble peptide

Human
MSCs

Peptide and
growth factor free
medium

TGF-B3

Insulin and
TGF-B3

In the presence of Insulin and TGF-
B3, the insulin peptide treatment
resulted in an increased production of
GAG as compared to the TGF-3
positive control

M = As compared to material control; N = As compared to negative control; S = As compared to scrambled group; P = As compared to positive control Abbrev: ACAN = Aggrecan; BMSCs = Bone
marrow stem cells; CSPCs = Cartilage stem/progenitor cells; GAG = Glycosaminoglycans; HA = Hyaluronic acid; MSCs = Mesenchymal stem cells (tissue source not specified); NAC = articular
chondrocytes; PLSCs = Periodontal ligament stem cells; MeHA = Methacrylated hyaluronic acid; MMP = Matrix metalloproteinase; PA = Peptide amphiphile; PEG = Polyethylene glycol; PHA =
Pentenoate functionalized hyaluronic acid; Saf-O = Safranin O; Scl2 = Recombinant streptococcal collagen-like protein; TCP = Tissue culture plate
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Table 2.3. Summary of in vivo studies for peptides reported to be used for cartilage regeneration.

Negative

. Parent/Target . Positive Growth factors  Animal Defect type Cells Injection Evidence of
Peptide Molecule Reference Sham ”(\:n:rtlf::)all control added Model and size included method Chondroinduction
StarPEG/hep .
. Not attractive to
WYRGRL Col-ll Hessges None arin None None Mice N/A Chondrocytes Sut.)c.utaneous induce collagen
2018 hydrogels injection "
alone deposition (M).
Hesse StarPEG/hep Subcutaneous Not attractive to
KLER Decorin 2018 None arin None None Mice N/A Chondrocytes iniection induce collagen
hydrogels J deposition (M).
DBM (@ mm a4 weeks, E7-
: diameter, 2 .
Full-thickness ) containing scaffolds
mm height) .
osteochondral . showed superior
q was implanted . :
. efects (4 mm . cartilage repair
Microfracture : into the . :
Huang / diameter, 2.5 osteochondral quality and quantity
20145 None DBM+Chitos None None Rabbits mm deep) None defects basgq on IHC,
were created toluidine blue
an scaffold followed by L .
on the . staining, and did not
injection of o )
trochlear re-prepared exhibit hypertrophic
MSC affinit groove P chpitosr,)an cartilage remodeling
affinity . (M, N).
EPLQLKM (E7) | ™0 S e solution
E7-containing
scaffold  exhibited
DBM translucent and
+Chitosan scaffolds pre- Injection into  superior cartilage-
Me“§4 None scaffold/Chit None cultured n Mice N/A BMSCs fossa iliaca —like
2015 osan chondrogenic subcutaneous structures, based on
scaffold medium region gross observation,

H&E, toluidine blue
and col-ll staining
(M).
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Table 2.3 continued

groove

Negative . Growth . S .
. Parent/Target . Positive Animal Defect type Cells Injection Evidence of
Peptide Molecule Reference  Sham ”(\:n:::rrf;l control f:g;‘:: Model and size included method Chondroinduction
Full-thickness, ,
critically sized Peptide solution gLEi hry]/i(fiirczgnill al?]?ehreersusltaeg 6”
Yes- defect (3 mm- directly added to coI-IIg immur):ostaginin anci
. contralat diam x 2 mm- defects followed . : 9
Miller . . +/- cumulative histology scores
201085 eral None None None Rabbits deep) in the BMSCs by Lactated as  compared to  KLD
untreate central region Ringer’s Solution hvdrogels P containin
d control of the femoral to polymerize K dg . ; 9
trochlear into the hydrogel chondrogenic actors  or
BMSCs (Sh).
groove
Self-- KLD-treated defects exhibited
KLD asserr;.bo:mg decreased ACAN and
peptide
Peptide solution Col-Il staining in the proximal
15-mm- directly added to side of the repair tissue (Sh).
. diameter defects followed o
2I\:I)|:I:8r9 Yes +/- MFX None None Horses defect in the None by Lactated The combination of MFX+KLD
medial Ringer’s Solution presented { nho addlélontal
: : improvement compare (o]
trochlear ridge inftg ?r?elyl'?;/?jrrlcfgel MFX or KLD-only treatment,
and it resulted in decreased
col-1l staining compared with
MFX-only treatment.
Cylindrical full-
Self- thickness Implants were  ACM-KLD/PFS exhibited an
(RADA16- assembling defect (3 mm placed flush with increased gene expression of
peptide/Bone g1 Microfra 1) RAD alone , in diameter x
1)/PFS marrow Lu 2018 cture 2) ACM-RAD None None Rabbits 1.5 mm depth) None the surface of  aggrecan, SOX9, and col-ll,
(PFSSTKT) . - P the surrounding with the highest increase
homing in the center of i being f L (Sh. M
peptide the trochlear cartilage eing for col-ll (Sh, M).

Sh = As compared to sham; M = As compared to material control; N = As compared to negative control; S = As compared to scrambled group; P = As compared to positive control

Abbrev: ACM = acellular cartilage matrix; BMSCs = Bone marrow stem cells; DBM = demineralized bone matrix; MFX = Microfracture; Saf-O = Safranin O
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Table 2.4. Summary of in vitro studies for peptides reported to be used for cartilage regeneration.

Parent

Negative/Material

Positive

Growth factors

Peptide Molecule References Format Cells control control added Outcome
Peptide and ANVAENA treatment resulted in much
ANVAENA (CM-1) TGF-B1 | Renner 201378 Soluble Human o vth factor free  TGF-B3 None lower GAG content (P). No_significant
MSCs medium increase as compared to the negative
control.
PD173074 Intra-articular injection of R1-P1 was
GPPDWHWKAMTH FGFR1 Tan 2018% Soluble ATDC5& Peptide-free FGER1 ’ None reported to significantly decreased the
(R1-P1) chondrocytes medium inhibitor cartilage destruction and IL-1B-induced
proteoglycan loss in an OA mouse model.
: StarPEG/Heparin hydrogels functionalized
StarPEG/Heparin ) . N
. with  CWYRGRL induced a significant
WYRGRL Col-l Hesse 2018% fur:]g’:?(r)cr)]%ﬁlzse q IT\X?(?: PE p(tjlﬁjoe—;rlze None TGF-B1 decline of MSC proliferation and
with CWYRGRL ydrog chondrogenic markers (SOX9, BGN, col-Il)
gene expression (N).
PEG scaffold .
Salinas and functionalized Human Scrambled N + TGE-B1 KlF]ER prorgptej chﬁn};jg)ggnesllszof Mﬁc;g
Anseth 2009° | with RGD and MSCs peptide group one - -B when combined with | n scafto
KLER in chondrogenic medium.
KLER Decorin :
Starﬁylfd?éggzarln Human Peptide-free StarPEG/Heparin hydrogels functionalized
Hesse 2018% functionalized MSCs hydrogels None TGF-B1 with KLER did not promote advanced col-I|
with KLER deposition (N).
P15 enhanced cell commitment to the
chondrocyte lineage. P15 may serve to
- increase the attachment of mesenchymal
GTPGPQGIAGQRGVV | Zhang 20179 | Coatedonculture  qapiigryn  Uncoated dishes ~ None | OF B (notspecified 4 the matrix and then, in response to
(P15) dishes if 1 or 3)
BMP-2/growth factors, leads to increased
chondrogenic differentiation and an earlier
start to endochondral Bone formation.
CDPGYIGSR- CDPGYIGSR modified scaffolds supported
CDPGYIGSR Laminin Kuo and modified BKCs Peptide-free None None the proliferation of BKCs. Increased

Wang 2011°°

scaffolds PEO
and chitosan

scaffolds

content of glycosaminoglycans (GAGs),
and collagen was reported (M).
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Table 2.4: continued

Peptide Parent References Format Cells Negative/Material Positive Growth factors Outcome
Molecule control control added
MSC affinit E7-modified DBM 1)322;&3;” E7 increased the gene expression of col-ll
EPLQLKM (E7) eptide y Meng 2015°% particles and Rat BMSCs 2) Chitosan/DBM None None and ACAN. Increased staining of GAGs
pep Chitosan scaffold scaffold was observed (M).
RADA hydrogels upregulated the gene
RADA N/A
1) Agarose expression of ACAN, SOX9, and col-lI
3 . hvdrogel along with no upregulation of col-l in the
Kggfggﬁy Self azsﬁéneb"”g BMSCs 2) T}’;F_&_ None + TGF-B1 presence of TGF-B1 (M). A higher cell
KLD N/A Pep free number was observed with RAD16-l and
medium KLD12 peptide hydrogels as compared to

agarose.

M = As compared to material control; N = As compared to negative control; S = As compared to scrambled group; P = As compared to positive controlAbbrev: ACAN = Aggrecan; BKCs = Bovine knee

chondrocytes; BMSCs = Bone marrow stem cells; DBM = demineralized bone matrix; GAG = Glycosaminoglycans; MSCs = Mesenchymal stem cells (tissue source not specified); MMP = Matrix
metalloproteinase; OA = Osteoarthritis; PEG = Polyethylene glycol; PEO = containing polyethylene oxide; Saf-O = Safranin O
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Table 3.1: Antibodies used for flow cytometric analysis of cell surface markers of eBMSCs and eUCMSCs.

Marker | Antibody Supplier | Part number References
CD29 Anti-human CD29 BioLegend | 303003 De Schauwer et
Antibody-clone TS2/16- al.2012
Reacts with horse
CD44 Rat anti-mouse-CD44 Thermo MA1-10229
Antibody-clone IM7- Scientific
reacts with horse
CD45 Mouse anti-human Biorad MCA87A700T Spaas, J.H. et
CDA45 antibody-clone al. (2013)
F10-89-4-Reacts with
horse
CD73 Mouse anti- R&D FAB5795S
Human/Equine CD73
antibody-clone 606112
CD79 Mouse anti Human Biorad MCA2538A647T | De Schauwer,
CD79a- clone HM57- C.etal. (2012)
Reacts with Horse Spaas, J.H. et
al. (2013)
CD90 CD90 Monoclonal Thermo | A15726
Antibody-clone 5E10- Scientific
Reacts with horse
CD105 Mouse anti-human Biorad MCA1557SBV440 | De Schauwer,
CD105 antibody-clone C.etal. (2012)
SN6-Reacts with horse

Table 4.1: List of experimental groups and concentrations evaluated

Experimental groups

Concentrations

Kartogenin (KGN)

1 uM, 10 uM

SM04690 (SM)

30 nM, 100 nM

CM10 100 uM, 200 uM

CK2.1 100 nM, 500 nM

Combinations

CM10/CK2.1 100 uM /100 nM; 100 pM /500 nM
200 uM /100 nM; 200 uM /500 nM

CM10/KGN 100 uM /1 uM; 100 pM /10 uM

CM10/SM04690 100 uM /30 nM; 100uM /100 nM

CK2.1/KGN 100 nM /1 yM; 100 nM /10 uM

CK2.1/SM04690

100 nM /30 nM; 100 nM /100 nM
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Table 4.2: TagMan probes information

Target gene Assay ID Interrogated Probe context sequence
sequence
GAPDH Hs02786624_g1 NM_001256799.2 | CGCTGCCAAGGCTGTGGGCAAGGTC
ACAN Hs00153936_m1 NM_001135.3 CCGCTGCCAGGGATCCTTCCTACTT
Collagen| | Hs00164004_m1 NM_000088.3 AAGACGAAGACATCCCACCAATCAC
Collagen Il | Hs00264051_m1 NM_001844.4 TGGTCTTGGTGGAAACTTTGCTGCC
SOX-9 Hs00165814_m1 NM_000346.3 GAGCACTCGGGGCAATCCCAGGGCC

Table 5.1: TagMan probes information

Target gene Assay ID Interrogated Probe context sequence
sequence
GAPDH Hs02786624_g1 NM_001256799.2 | CGCTGCCAAGGCTGTGGGCAAGGTC
ACAN Hs00153936_m1 NM_001135.3 CCGCTGCCAGGGATCCTTCCTACTT
Collagen| | Hs00164004_m1 NM_000088.3 AAGACGAAGACATCCCACCAATCAC
Collagen Il | Hs00264051_m1 NM_001844 .4 TGGTCTTGGTGGAAACTTTGCTGCC
SOX-9 Hs00165814_m1 NM_000346.3 GAGCACTCGGGGCAATCCCAGGGCC

Table 5.2: Bio-Rad probes information

Target gene | Assay ID Amplicon context sequence
GAPDH gHsaCEP0041396 GTATGACAACGAATTTGGCTACAGCAACAGGGTGGTG
GACCTCATGGCCCACATGGCCTCCAAGGAGTAAGACC
CCTGGACCACCAGCCCCAGCAAGAGCACAAGAGGAA
GAGAGAGACCCTCACTGCTGGGGAGTCCCTGCCACA
C
Collagen I gHsaCEP0023931 TGTTCTTGCAGTGGTAGGTGATGTTCTGGGAGCCTTC
CGTGGACAGCAGGCGTAGGAAGGTCATCTGGACGTT
GGCAGTGTTGGGAGCCAGATTGTCATCTCCATAGC
TGAAATGGAAGCCACCATTGATGGT
SOX-9 gHsaCEP0051345 AACCTTGGCTAAATGGAGCAGCGAAATCAACGAGAAA
CTGGACTTTTTAAACCCTCTTCAGAGCAAGCGTGGAG
GATGATGGAGAATCGTGTGATCAGTGTGCTAAATC
TCTCTGCCTGTTTGGACTTTGTAATTAT
Table 6.1: TagMan probes information
Target gene Assay ID Interrogated Probe context sequence
sequence
GAPDH Hs02786624 g1 NM_001256799.2 | CGCTGCCAAGGCTGTGGGCAAGGTC
ACAN Hs00153936_m1 NM_001135.3 CCGCTGCCAGGGATCCTTCCTACTT
Collagen | Hs00164004_m1 NM_000088.3 AAGACGAAGACATCCCACCAATCAC
Collagen Il | Hs00264051_m1 NM_001844.4 TGGTCTTGGTGGAAACTTTGCTGCC
SOX-9 Hs00165814_m1 NM_000346.3 GAGCACTCGGGGCAATCCCAGGGCC
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Table 6.2: Bio-Rad probes information

Target gene

Assay ID

Amplicon context sequence

GAPDH

qHsaCEP0041396

GTATGACAACGAATTTGGCTACAGCAACAGGGTGGT
GGACCTCATGGCCCACATGGCCTCCAAGGAGTAAGA
CCCCTGGACCACCAGCCCCAGCAAGAGCACAAGAG
GAAGAGAGAGACCCTCACTGCTGGGGAGTCCCTGCC
ACAC

Collagen Il

qHsaCEP0023931

TGTTCTTGCAGTGGTAGGTGATGTTCTGGGAGCCTTC
CGTGGACAGCAGGCGTAGGAAGGTCATCTGGACGTT
GGCAGTGTTGGGAGCCAGATTGTCATCTCCATAGC
TGAAATGGAAGCCACCATTGATGGT

SOX-9

qHsaCEP0051345

AACCTTGGCTAAATGGAGCAGCGAAATCAACGAGAA
ACTGGACTTTTTAAACCCTCTTCAGAGCAAGCGTGGA
GGATGATGGAGAATCGTGTGATCAGTGTGCTAAATC
TCTCTGCCTGTTTGGACTTTGTAATTAT
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