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Abstract

Objective:

Cell based therapy optimization is constantly underway since regeneration of genuine hyaline
cartilage is under par. Although single source derivation of chondrocytes and chondroprogenitors
is advantageous, lack of a characteristic differentiating marker obscures clear identification of
either cell type which is essential to create a biological profile and is also required to assess cell
type superiority for cartilage repair. This study was the first attempt where characterization was

performed on the two cell populations derived from the same human articular cartilage samples.
Design:

Cells obtained from normal/osteoarthritic knee joints were expanded in culture (up to passage 10).
Characterization studies was performed using flow cytometry, gene expression was studied using
RT-PCR, growth kinetics and tri-lineage differentiation was also studied to construct a better

biological profile of chondroprogenitors as well as chondrocytes.

Results and conclusions:

Our results suggest that sorting based on CD34(-), CD166(+) and CD146(+), instead of isolation
using fibronectin adhesion assay (based on CD49e+/CD29+), would yield a population of cells
primarily composed of chondroprogenitors which when derived from normal as opposed to
osteoarthritic cartilage, could provide translatable results in terms of enhanced chondrogenesis and

reduced hypertrophy; both indispensable for the field of cartilage regeneration.
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Introduction

Cell-based therapy forms the mainstay of treatment for cartilage afflictions like osteoarthritis (OA)
and osteo-chondral defects currently (1). The main contenders in this field which have been used
as either stand-alone substitutes, as co-cultures or in combination with scaffolds and growth factors
are cartilage derived chondrocytes and mesenchymal stem cells(MSCs) (2,3). Although MSCs
(due to inherent multipotency and high replicative potential) (4)and chondrocytes (tissue nativity
making them safe for use) (5) are promising candidates; their current usage still warrants
optimization. It has been reported that MSCs exhibit a tendency for increased osteogenesis in-vitro
(6,7) and fibrocartilage formation in vivo (8—10). Similarly, the limitations that affect chondrocyte
use (Autologous chondrocyte implantation) are graft hypertrophy and mixed fibro-hyaline
formation (11,12). Moreover, chondrocytes require expansion in- vitro, since cell yield post-
harvest is too low to meet demands of direct implantation. This raises another conflict since there
does not appear to be a consensus on chondrocyte behavior in culture. There is evidence to show
that with increased time in culture, chondrocytes lose their phenotype and show higher expression
of markers for hypertrophy thereby reducing their efficiency for optimal cartilage repair(13,14).
However, there are also report which demonstrate that chondrocytes exhibit positive stem cell

markers in culture(15,16).

Continued search for an optimal cell source led to a potential cell type residing within the
superficial layer of cartilage. Isolated by fibronectin adhesion assay, articular cartilage derived
chondroprogenitors (CPs) have been classified as MSCs since they demonstrate similar marker
profile (Notch-1 signaling proteins, STRO-1, CD90 etc.), high replicative potential, high

telomerase activity, and low expression of hypertrophy markers (17-21). Since these cells are
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native to cartilage and possess progenitor like properties, they appear to be suitable for cartilage

repair and inherently primed for chondrogenesis.

Although there are established protocols for isolation of pure populations of CPs (22) and
chondrocytes (23) classical differentiating markers between the two cell populations have not been
established. Our primary objective was to compare the cell types and evaluate differences in their
biological characteristics. Flow cytometric analysis was performed to look for surface marker
expression. Reverse Transcription Polymerase Chain Reaction (RT-PCR) was done for assessing
markers of chondrogenesis and hypertrophy. The cells were subjected to tri-lineage differentiation
to check for multipotency. Cumulative population doubling was done to compare replicative
potential of the two cell types. Since CPs have been categorized as MSCs, the first category of
surface markers considered for comparison included markers of positive expression: CD105,
CD73, CD90, CD106(24,25) and markers of negative expression: CD34, CD45 and CD14(26).
The second category for comparison included markers considered to be expressed specifically by
chondrocytes: CD54(25) and CD44(27). The final category for comparison included CD markers
which are reported to be expressed by cells exhibiting enhanced chondrogenic potential: CD9(28),
CD29(29), CD151(30), CD49¢(22,28), CD166(31) and CD146(32). To differentiate chondrocytes
and CPs on the basis of their chondrogenic potential and tendency for hypertrophy, mRNA
expression for markers of chondrogenesis (Collagen type II, Aggrecan and SOX9) and of

hypertrophy (Collagen type I, Collagen type X, RUNX2 and MMP-13) was analyzed(33).

Since availability of OA cartilage is comparatively more than normal cartilage, and a dearth of
knowledge exists regarding effect of disease on cellular phenotype (34), our second objective was
to assess if OA differentially affects the cell populations under consideration, therefore cell

samples isolated from normal and OA human cartilage were compared. Our final objective was to
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84  study the effects of prolonged time in culture on the cell populations. This would afford additional

85 information about chondrocyte behavior in culture and proposed potency of CPs.

ss Materials and Methods

g7 Study design

88  The study protocol was approved by the Institutional Review board and carried out in accordance
89  to the guidelines laid down by the Ethics Committee. Human articular cartilage was harvested
90 from three normal (mean age: 22+4yrs) and OA (mean age: 63+7yrs) knee joints. Cartilage was
91 obtained from OA patients undergoing knee replacement surgery and from patients undergoing
92  post-trauma above-knee amputations. Written informed consent as per ethical guidelines was

93  obtained prior to sample collection.

94  CPs and chondrocytes were isolated from superficial layer/full depth articular cartilage from
95 normal or OA knee joints. Both cell types were then cultured to passage (p) 10. Cells at different
96 time points in culture, namely pO0, p1, p2, p3, p4, pS, p7 and p10 were characterized using FACS
97  for the three groups of surface markers mentioned before. Normal and OA cartilage derived CPs
98 and chondrocytes from p0 and p5 were compared for chondrogenic and hypertrophy markers by
99  subjecting them to RT PCR analysis. CPs and chondrocytes from p2 cultures were subjected to
100 tri-lineage differentiation (adipogenic, osteogenic and chondrogenic differentiation). In all, this
101  study contained 4 cell groups for comparison i.e. chondrocytes from normal cartilage,
102 chondrocytes from OA cartilage, CPs from normal cartilage and CPs from OA cartilage (Fig 1).
103  Growth kinetics between the 4 groups was compared at each passage for estimation of cumulative

104  population doubling.
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105  Fig 1: Study algorithm depicting the four groups used for comparison. Samples were taken
106  from three donors in each group. N: normal OA: osteoarthritic, C: chondrocytes, CP:
107  chondroprogenitors, p: passage, CD: cluster of differentiation, SOX9:(sex determining region Y)-

108  box 9, RUNX2: Runt-related transcription factor-2 and MMP-13: metalloproteinase-13.

109 Isolation and culture of chondrocytes

110  Full depth cartilage was harvested from normal and OA knee joints and shavings were washed in
111 phosphate buffered saline (PBS). Overnight cellular digestion was performed using Dulbecco’s
112  modified Eagles medium (DMEM-F12-Himedia) containing 0.15% collagenase type II
113 (Worthington) under standard conditions (23). Following digestion, cells were suspended in
114  medium and cell count was performed. Chondrocytes were loaded at a concentration of 10,000
115  cells/cm? and expanded to p10 with DMEM/F12 containing 10% fetal calf serum (FCS- Gibco),
116  ascorbic acid 62 pg/ml (Sigma), L-glutamine 2.5mM/L (Sigma), penicillin-streptomycin 100
117  IU/ml (Gibco) and amphotericin-B 2 pg/ml (Gibco). Medium was changed once every three days
118  (Fig 2). At a confluence of 85-90%, cell harvest was carried out using 0.25% Trypsin-EDTA

119 (Gibeo).

120  Fig 2: Phase contrast and live dead assay. Upper panel: Phase contrast images of all groups at
121 p0, p2 and p5(10X). Lower panel: Live dead assay images of all groups at sub-confluence showing
122 Calcein AM (live cells-green fluorescence) and Ethidium homodimer (dead cells-red fluorescence)

123  staining at p0, p2 and p5(10X).

124
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125 Isolation and culture of articular cartilage derived

126 chondroprogenitors (CPs)

127  CPs were isolated from the superficial zone of cartilage (same source as used for chondrocytes).
128  Shavings were subjected to sequential overnight enzymatic digestion with 0.2% pronase (Roche)
129  and 0.04% collagenase type II (Worthington) to obtain individual chondrocytes. These were
130  subjected to differential adhesion on fibronectin (Sigma-10ug/ml in PBS containing ImM CaCl,
131  and ImM of MgCl,) pre-coated plates for 20 min in DMEM containing 10% FCS at a
132 concentration of 700 cells/ml. Post incubation, excess media and non-adherent cells were removed
133 and replaced with standard growth media [DMEM-F12- Glutamax (Himedia) plus ascorbic acid
134 62 pg/ml(Sigma), L-glutamine 2.5mM/L(Sigma), penicillin-streptomycin 100IU/ml(Gibco) and
135  amphotericin-B 2 pg/ml(Gibco)]. Adherent cells were maintained at standard culture conditions
136 for 10 to 12 days to obtain colonies of >32 cells known as CP clones (Fig 3). Clones were isolated
137  and re-plated at a ratio of 1 clone per 5 cm?. Further expansion of enriched polyclonal CPs to p10
138  was done as per protocol described by Rebecca et al(17) (Fig 2). In brief, medium used was a
139  mixture of Glutamax DMEM-F12 containing 10% FCS supplemented with ascorbic acid 62 pg/ml,
140  L-glutamine 2.5mM/L, penicillin-streptomycin 100 IU/ml, amphotericin-B 2 pg/ml, transforming
141 growth factor beta2 (TGFB2) Ing/ml (human-recombinant, Biovision) and fibroblastic growth
142 factor FGF2 5ng/ml (human-recombinant, Biovision). Medium was changed once every three

143 days.

144  Fig 3: Representative clonally derived human articular chondroprogenitor cells (Fibronectin

145  differential adhesion). A) A clone at day 5 forming a loose cluster of few cells (40X). B) Clone


https://doi.org/10.1101/440107
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/440107; this version posted October 10, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

146  cluster of less than 32 cells at day 8 (10X). C) Clone cluster of more than 40 cells at day 10(10X).

147 D) Live dead assay using Calcein AM/Ethidium homodimer of a clone at day 13(10X).

148 Population doubling (PD)

149  Chondrocytes and CPs were expanded in monolayer cultures and passaged when 85-90%
150  confluent. Cell count was performed using a Neubauer chamber and Population Doubling for all

151  the groups, was calculated using the formula:
152 Population Doubling = duration in culture x log (2)/ log (N)-log (Ny)

153  Where, N, was the initial number of cells seeded, which was day 0 and N was the number of cells
154  obtained at confluence. Cumulative PD (CPD) was compared between chondrocytes and CP from

155  p0to pl0 (Fig 4).

156  Fig 4: Cumulative population doubling (CPD). Data representing values for all subgroups (n=3)
157  across time in culture (p0-p10). Data expressed as Mean£SEM. N: normal OA: osteoarthritic, C:

158  chondrocytes, CP: chondroprogenitors and p: passage.

159 Phenotyping- FACS

160  Chondrocytes and CPs from p0 to p10 were characterized by FACS. The studied antibodies against
161  human surface antigen were CD105, CD73, CD90, CD34, CD45, CD14, CD54, CD44, CD?9,
162 CDI106, CD29, CD151, CD49e, CD166 and CD146 (S1 Table). The staining method followed
163  instructions provided with the manual received with individual antibodies. Harvested human
164  chondrocytes and CPs were directly incubated with phycoerythrin (PE), fluorescein isothiocyanate
165  (FITC) and allophycocyanin (APC) labeled antihuman antibody specific for the above-mentioned

166  antibodies. BD FACS Calibur or BD FACS Celesta flow cytometers were used for data
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167  acquisition. Gating and compensation was applied using BD FACS Diva v 5.0.2 software and
168  isotype controls were run for the specific CD markers. Flow cytometric analysis results are

169  reported as Mean £ SEM (S2 and S3 Table).

170 RT-PCR

171 pO0 and p5 chondrocytes and CPs from normal and OA joints were used for RT-PCR analysis. Total
172 RNA was isolated using TRIzol reagent (Sigma) as per manufacturer’s instructions. The nucleic
173 acid concentration was quantified using Nanodrop 2000¢ spectrophotometer (ThermoScientific).
174  Visual assessment of total RNA was done by Image Quant 400 Gel Doc system (GB) for 28s:18s
175  ratio using 1% agarose gel containing ethidium bromide. 200 ng of RNA (in 10l reaction volume)
176  was reverse transcribed to cDNA using RT-RTCK-03 kit (Eurogenetec). The RT cycle conditions
177  using Gene Amp PCR System 9700 were as follows: 25°C for 10 minutes, 48°C for 30 minutes
178  and 95°C for 5 minutes. Quantitative RT-PCR was performed with Takyon™ Rox SYBR Master
179  Mix dTTP Blue (Eurogenetec) by QuantStudio 6K Flex (Applied Biosystem). Cycling conditions
180  for acquiring fluorescence were as follows: 95°C for 3 minutes Takyon™ activation, 40
181  amplification cycles (95°C for 3 seconds and annealing at 60°C). Threshold cycle (Ct) value was
182  defined as the cycle number at which the curve crossed the threshold set at the mid-point of the
183  log fluorescence expansion and each sample was run in triplicates. Relative expression for each
184  gene was normalized to GAPDH expression. Sequences of the primers used for this study are listed

185 in S4 Table.

186 Live dead assay: Calcein AM-Ethidium homodimer

187  Cell viability was assessed for the four groups up to p5 on reaching a confluence of 2/3" of the

188  flask area, using Calcein AM (for live cells) and Ethidium homodimer (for dead cells). Cells were

9
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189  washed with 1X PBS and incubated with 0.4uM fluorescent green Calcein AM for 30 minutes
190 followed by Ethidium homodimer 2 uM fluorescent red for 5 minutes. Cells were subsequently

191  washed again in PBS and observed under Leica immunofluorescence microscope (Fig 2).

192 Tri-lineage Differentiation potential

193  Chondrocytes and CPs from normal and OA joints at p2 were assessed for multi-lineage

194  potential. Adipogenic and osteogenic potential were evaluated in 2D cultures where cells were
195  grown to 50% confluence prior to differentiation. Negative control which included cells cultured
196  for the same time period with standard culture medium, were also assessed. Chondrogenic

197  differentiation potential of all the cell groups in this study was done using three-dimensional
198  pellet system cultures (1x 10° cells). Cells were allowed to stabilize in standard growth medium
199  for 48 hours and subjected for trilineage differentiation. Complete differentiation of human

200 chondrocytes and CPs into a) adipocytes was performed using HiAdipoXL™ (Himedia-AL521)
201  b) osteocytes was performed using, HiOsteoXL™ (Himedia-AL522) and ¢) chondrocytes was
202  performed using HiChondroXL™ (Himedia-AL523) differentiation kits in accordance with the
203  manufacturer’s protocol. Medium was changed once every 48-72 hours for 21 days following

204  which differential staining was performed (Fig 5).

205  Fig 5: Trilineage differentiation of passage 2 chondrocytes and chondroprogenitors from
206  normal and osteoarthritic joints. Representative microscopic images of Oil Red O (A-B) and
207  Von Kossa (C-D) staining to confirm adipogenic and osteogenic differentiation (20X).

208  Chondrogenic differentiation (E-F) was confirmed by Alcian Blue staining of formed cell

209  pellets(10X).
210

10
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211 Differential stains- Oil Red O and Alizarin Red

212 The differentiated adipocytes were fixed with 10% formaldehyde for 1 hour, washed and stained
213 with Oil Red O (Sigma) (Fig SA-5B) and differentiated osteocytes were fixed with 70% ethanol
214  for 1 hour, washed and stained with Alizarin Red (Sigma) (Fig 5C-5D). Images were captured

215  using Olympus virtual slide system.
216  Histological staining- Alcian Blue

217  To visualize glycosaminoglycan accumulation, chondrogenic pellets were fixed with 10%
218  formaldehyde for 10 minutes, washed and stained with Alcian Blue and counterstained with

219  neutral red (Fig SE-5F).

220 Statistical Analysis:

221 Results following analysis of FACS, RT-PCR and CPD data were reported as mean + standard
222 error mean. SPSS software (version 22.0) was used for statistical analysis. One-way ANOVA with
223 Bonferroni correction was used to compare CPD from p0 to pl10. Wilcoxon rank-sum (Mann
224  Whitney) test was used to compare CD marker expression across different cell types (chondrocytes
225  vs. CP) and cell source (Normal vs. OA) at pO through p10. One-way ANOVA with Bonferroni
226  correction was used to compare unit change of expression across all groups, using Normal CP as
227  reference to study effect at each passage and keeping p0 as reference to study effect of time in
228  culture. Relative expression level for each gene (normalized to the GAPDH) across different cell
229  types (chondrocytes vs. CP) and cell source (Normal vs. OA) was compared using Wilcoxon rank-

230 sum (Mann Whitney) test. Wilcoxon signed rank test was used to compare the relative expression

11
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231 level for each gene (normalized to the GAPDH) across time in culture (p0 vs. p5). A P value of <

232 0.05 was considered as significant.

233

232 Results

235  CPD

236 When CPD was compared across cell groups at each passage from p0O to pl0, there was no
237  significant difference observed in the proliferative capacity between them with all groups showing

238  progressive increase in their growth kinetics upto p6 (Fig 4).

239 FACS

240  FACS of both chondrocytes and CPs from normal and OA cartilage at various passages (24 hours
241 for chondrocytes and p0, pl, p2, p3, p4, pS, p7 and p10 for both) was performed to study surface
242 marker expression based on the categories mentioned earlier. The grading of expression utilized
243 was <5%: nil expression, 6-35%: mild expression, 36-65%: moderate expression, 65-95%: high

244  expression and >95% very high expression.

245  In the first category a) CD105: all groups showed mild to high expression except for normal C at
246 24hrs, p4, pl0, OA chondrocytes at 24hrs and OA CP at p10 showing nil expression; b) CD73:
247  most groups showed a very high expression with a few showing moderate to high expression; c)
248  CD90: all groups showed a very high expression except for chondrocytes subgroups at 24 hrs
249  which showed mild expression; d) CD106: all groups showed nil to mild expression except for

250 normal C pl and OA chondrocytes pO which showed moderate expression; e) CD45: all groups

12
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251  showed nil expression; f) CD34: all CP subgroups showed nil expression and chondrocytes
252 subgroups showed nil to mild expression; g) CD14: all CP subgroups showed nil expression and
253  chondrocytes subgroups showed nil to mild expression. In the second category a) CD54: all groups
254  showed high expression and b) CD44: all groups showed a very high expression except for normal
255  chondrocytes at 24 hrs showing high expression and OA chondrocytes at 24hrs showing moderate
256  expression. In the third category a) CD9: all groups showed high to very high expression; b) CD29:
257 all groups showed a very high expression except for normal chondrocytes at P7 and OA
258  chondrocytes at 24 hrs showing high expression; ¢) CD151: all groups showed a very high
259  expression except for normal chondrocytes at 24 hrs showing high expression and OA
260  chondrocytes at 24hrs showing moderate expression; d) CD49e: all groups showed high to very
261  high expression except OA chondrocytes at 24 hrs showing only moderate expression; ) CD166:
262  all groups showed high to very high expression except normal chondrocytes at 24hrs and PO
263  showing moderate expression and OA chondrocytes at 24hrs showing mild expression and f)
264  CDI146: all C subgroups showing mild expression except for OA chondrocytes P7 showing
265  moderate expression and all CP subgroups in early passages showing mild to moderate expression

266  with an upregulation in later passages.
267 Intergroup comparison

268  When surface marker expression was compared across each passage there was no significant
269  difference observed between chondrocytes and CPs derived from normal or OA cartilage except
270  for the following: in the first category a) CD90 expression was higher in normal CP PO than in
271  normal C PO (P=0.037, Fig 6C), b) CD34 expression was higher in normal chondrocytes P5 than
272 in normal CP P5(P=0.046, Fig 7A ) and c) CD45 expression was higher in normal chondrocytes
273 PI than in normal CP P1(P=0.046, Fig 7B). In the third category a) CD49¢e expression was higher

13
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274 innormal CP PS5 than in normal chondrocytes P5 (P=0.046, Fig 8D) and b) CD166 expression was
275  higher in normal CP than in normal chondrocytes at P1, P2 and P5 (P=0.046, P=0.046 and P=0.046
276  respectively, Fig 9A) and higher in OA CP than in OA chondrocytes at P1 and P2 (P=0.037 and

277  P=0.037 respectively, Fig 9A).

278  Fig 6: Percentage expression of CD105, CD73, CD90 and CD106 (positive MSC markers).
279  Comparison across different cell types and cell source at p0 through p10. Data expressed as mean
280 + SEM (*P<0.05 using Wilcoxon rank-sum/Mann Whitney test). N: normal, OA: osteoarthritic,

281  C: chondrocytes, CP: chondroprogenitors, p: passage.

282  Fig 7: Percentage expression of CD34, CD45 and CD14 (negative MSC markers). Comparison
283  across different cell types and cell source at pO through p10. Data expressed as mean = SEM
284  (*P<0.05 using Wilcoxon rank-sum/Mann Whitney test). N: normal, OA: osteoarthritic, C:

285  chondrocytes, CP: chondroprogenitors, p: passage.

286  Fig 8: Percentage expression of CD9, CD29, CD151 and CD49e (markers of chondrogenic
287  potential). Comparison across different cell types and cell source at pO through pl10. Data
288  expressed as mean £ SEM (*P<0.05 using Wilcoxon rank-sum/Mann Whitney test). N: normal,

289  OA: osteoarthritic, C: chondrocytes, CP: chondroprogenitors, p: passage.

290  Fig 9: Percentage expression of CD166 and CD146 (markers of chondrogenic potential).
291  Comparison across different cell types and cell source at pO through p10. Data expressed as mean
292+ SEM (*P<0.05 using Wilcoxon rank-sum/Mann Whitney test). N: normal, OA: osteoarthritic,

293 C: chondrocytes, CP: chondroprogenitors, p: passage.

294

14
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295  For further analysis, normal CP values were used as reference and unit change of expression was
296  compared across all groups at various passages. There was no significant difference observed
297  between the groups except in CD34, CD166 and CD146. CD34 expression was higher in normal
298  chondrocytes than in normal CP at PO, P1, P2 and P3 (P=0.006, P=0.034, P=0.022 and P=0.012
299  respectively, Fig 10 and Fig 11). CD166 expression was higher in normal CP than in normal
300 chondrocytes at PO, P2 and P5(P=0.003, P=0.009 and P=0.037 respectively, Fig 11). CD146
301 expression was higher in normal CP than in normal chondrocytes at P1 and P7 (P=0.013 and
302  P=0.003 respectively, Fig 11). Similarly, the expression was higher in normal CP than OA C at
303 Pl, P2 and P5 (P=0.004, P=0.023 and P=0.017 respectively, Fig 11) and OA CP at P1(P=0.002,

304 Figl1l)

305 Fig 10: Flow cytometry values for positive, negative and chondrocyte markers, expressed as
306 unit change across all groups, using N CP values as reference to study effect at each passage.
307 Data expressed as mean £ SEM (Highlighted values: P<0.05 using One-way ANOVA with
308  Bonferroni correction). N: normal, OA: osteoarthritic, C: chondrocytes, CP: chondroprogenitors,

309  p: passage.

310 Fig 11: Flow cytometry values for markers of enhanced chondrogenesis, expressed as unit
311  change across all groups, using N CP values as reference to study effect at each passage. Data
312 expressed as mean = SEM (Highlighted values: P<0.05 using One-way ANOVA with Bonferroni

313 correction). N: normal, OA: osteoarthritic, C: chondrocytes, CP: chondroprogenitors, p: passage.

314  To study the effect of time in culture on surface marker expression across the four groups, PO
315  values of CD markers for each group were used as reference and unit change of expression was
316  compared for each CD marker within the group. There was no significant difference observed

317  across passages in the groups except in a) normal chondrocytes, CD90 expression was higher at
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318 PO than at 24hours (P=0.000, Fig 12), b) Normal CP, CD146 expression was higher in P7 than at
319 PO (P=0.034, Fig 13) and c) OA chondrocytes; CD73, CD90, CD44, CD151, CD9, CD166 and
320 CD49e expressions were higher at PO than at 24hours (P=0.000, P=0.000, P=0.001, P=0.000,

321 P=0.001, P=0.000 and P=0.000 respectively, Fig 12 and Fig 13)

322 Fig 12: Flow cytometry values for positive, negative and chondrocyte markers, expressed as
323  unit change across all groups using p0 values as reference to study effect of time in culture.
324  Data expressed as mean £ SEM (Highlighted values: P<0.05 using One-way ANOVA with
325  Bonferroni correction). N: normal, OA: osteoarthritic, C: chondrocytes, CP: chondroprogenitors,

326 p: passage.

327  Fig 13: Flow cytometry values for markers of enhanced chondrogenesis, expressed as unit
328 change across all groups using p0 values as reference to study effect of time in culture. Data
329  expressed as mean = SEM (Highlighted values: P<0.05 using One-way ANOVA with Bonferroni

330 correction). N: normal, OA: osteoarthritic, C: chondrocytes, CP: chondroprogenitors, p: passage.

331 mRNA expression of chondrogenic and hypertrophy markers

332 Gene expression of specific primers in both chondrocytes and CPs from normal and OA cartilage
333 at PO and P5 were examined to study the levels of chondrogenic and hypertrophy markers. RT-
334  PCR analysis of chondrogenic markers showed that both cell populations demonstrated a high
335  expression of Aggrecan and moderate to high expression of SOX9. Collagen II expression was
336 high in two chondrocytes subgroups (normal chondrocytes PO and OA chondrocytes P0), moderate
337 in two CP subgroups (normal CP PO and OA CP P0) and undetermined in all other subgroups.
338  Analysis of hypertrophy markers show that both cell populations demonstrated a high expression

339  of Collagen I, moderate to low expression of MMP-13 and low expression of RUNX2. Collagen

16


https://doi.org/10.1101/440107
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/440107; this version posted October 10, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

340 X expression was seen to be low in the subgroup (OA C P0) and undetermined in all others. When
341 relative gene expression was compared across PO and P5 there was no significant difference
342  observed between chondrocytes and CPs derived from normal or OA cartilage except for in a)
343  Collagen IT OA chondrocytes PO(Mean ACt: 6.01 = 1.76) demonstrated a higher expression than
344  OA CP PO (Mean ACt: 14.84 £0.69, P=0.049, Fig 14),b) Aggrecan normal chondrocytes P5 (Mean
345  ACt: 1.53 £ 0.086) demonstrated a higher expression than normal CP P5 (Mean ACt: 5.97 + 0.74,
346  P=0.049, Fig 15),c) SOX9 OA CP P5 (Mean ACt: 7.81 £+ 0.20) demonstrated a higher expression
347  than normal CP P5 (Mean ACt: 8.56 + 0.12, P=0.049, Fig 15),d) Collagen X OA chondrocytes PO
348 (Mean ACt: 16.15 £ 0.89) demonstrated a higher expression than OA CP PO (Mean ACt: 20.34 +
349  1.13, P=0.049, Fig 14) and ¢) RUNX2 OA C PO (Mean ACt: 14.22 £+ 0.65) demonstrated a higher
350  expression than normal chondrocytes PO (Mean ACt: 17.11 +0.64, P=0.049, Fig 14). When mRNA
351  expression was compared to study the effect of time in culture for both cell types, no significant
352  difference was observed in the relative expression in the various chondrocyte and CP sub-groups

353 (Fig 16 and 17)

354  Fig 14: Relative expression of Collagen II, Aggrecan, SOX9, Collagen I, Collagen X, RUNX2
355 and MMP-13 in all subgroups at passage 0. Level for each gene across different cell types (C
356  vs. CP)and cell source (N vs. OA) was compared using Wilcoxon rank-sum (Mann Whitney) test.
357  ACt values normalized to GAPDH are expressed as Mean + SEM (*P<0.05). N: normal, OA:
358 osteoarthritic, C: chondrocytes, CP: chondroprogenitors, p0: passage 0 and p5: passage 5. Samples

359 taken from n=3 donors, each sample(n) was run in triplicates.

360  Fig 15: Relative expression of Collagen II, Aggrecan, SOX9, Collagen I, Collagen X, RUNX2
361 and MMP-13 in all subgroups at passage 0. Level for each gene across different cell types (C

362  vs. CP) and cell source (N vs. OA) was compared using Wilcoxon rank-sum (Mann Whitney) test.
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363  ACt values normalized to GAPDH are expressed as Mean + SEM (*P<0.05). N: normal, OA:
364  osteoarthritic, C: chondrocytes, CP: chondroprogenitors, p0: passage 0 and p5: passage 5. Samples

365 taken from n=3 donors, each sample(n) was run in triplicates.

366  Fig 16: Relative expression of Collagen II, Aggrecan, SOX9, Collagen I, Collagen X, RUNX2
367 and MMP-13 in all chondrocyte subgroups across time in culture (p0 vs. p5). Data expressed
368 as Mean+=SEM (Wilcoxon sign rank test). N: normal, OA: osteoarthritic, C: chondrocytes, pO0:

369  passage 0, p5: passage 5. Samples taken from n=3 donors, each sample(n) was run in triplicates.

370  Fig 17: Relative expression of Collagen II, Aggrecan, SOX9, Collagen I, Collagen X, RUNX2
371 and MMP-13 in all chondroprogenitor subgroups across time in culture (p0 vs. p5). Data
372 expressed as MeantSEM (Wilcoxon sign rank test). N: normal, OA: osteoarthritic, C:
373  chondrocytes, p0: passage 0, p5: passage 5. Samples taken from n=3 donors, each sample(n) was

374  run in triplicates.

375 Tri-lineage Differentiation

376  Both chondrocytes and CPs derived from normal and OA cartilage displayed tri-lincage
377  differentiation potential. Qualitative analysis (Oil red O for lipid vacuole accumulation) showed
378 no difference between the two populations when adipogenic potential was assessed (Fig SA-B).
379  Alizarin red staining indicative of mineralization used to assess osteogenic potential showed
380  positive staining in both cell groups with higher uptake seen with chondrocytes (Fig 5C-D). Alcian
381  Dblue staining, suggestive of glycosaminoglycan deposition used for assessing chondrogenic
382  differentiation showed positive staining in both cell groups with better deposition seen with CPs.
383  Chondrocytes and CPs derived from normal cartilage demonstrated better staining with Alcian

384  blue when compared to their counterparts derived from OA cartilage (Fig SE-F).
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335 Discussion

386  Articular cartilage can be regenerated from its two native cell types (chondrocytes and CPs), if
387 their use in cell-based therapy is optimized. Extensive work on chondrocytes has afforded valuable
388 information to their use in cartilage repair, although questions pertaining to their behavior in
389  culture remain unanswered(13—16). On the other hand, CPs, relatively recent in the field of cell-
390 based repair have been hailed as a promising cell type due to their proposed MSC-like
391  characteristics and enhanced chondrogenesis. Although single source derivation of both cell
392 populations is advantageous, lack of a characteristic differentiating marker obscures clear
393 identification of either cell type. The importance of differentiation between the two cell types is
394 not only necessary to create a biological profile but is also required to assess cell type superiority

395  for cartilage regeneration.

396  Since CPs have been likened to MSCs(17) and chondrocytes(35) are regarded to be a mature cell-
397  type, we first considered differentiating the two cell populations based on expression of classical
398  MSC markers. Our results showed that both chondrocytes and CPs expressed high levels of CD73
399 and CD90 but varying levels for CD105 and CD106, all known positive markers (Figure 6).
400 CDI105, in addition to being an MSC marker has also been reported to be expressed in cells
401  exhibiting higher chondrogenic potential (35-37). However, our findings suggest otherwise as
402 CDI105 expression in both cell populations was not very high with no significant difference
403  between them. This corroborated with an earlier report demonstrating low CD105 expression in
404  bone marrow-MSCs and human articular chondrocytes (HAC) questioning its suitability as an
405  identifying marker of enhanced chondrogenesis(36). Regarding CD106 which has also been

406  reported to be highly expressed in HAC, we found that both cell populations show just minimal
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407  expression albeit higher in chondrocytes though not to a significant level (Fig 6D). When
408  expression of negative MSC markers was assessed, we found that both cell population showed low
409  expression of CD45 and CD14 (Fig 7). However, there was a significant difference in the
410  expression of CD34 as levels in chondrocyte groups were much higher than CP groups (Fig 7A;
411  Table 1). This leads us to suggest that CD34, a hematopoietic stem and progenitor cell marker(37)
412 although not expected to be expressed by cells derived from an avascular tissue like articular

413  cartilage, may be used to distinguish chondrocytes from CPs.

414  The second category considered was markers (CD54 and CD44) which specifically identify
415  chondrocytes since they are receptors for hyaluronan and have been reported to modulate
416  chondrocyte metabolism(27,38). A steady decline in CD54/CD44 ratio has been reported in HAC
417  when expanded in culture even during early passages(16). However, we found that both cell
418  populations expressed high levels of CD54 and CD44 with no downregulation in expression seen

419  with prolonged expansion in culture even upto P10(Fig 18).

420  Fig 18: Percentage expression of CD54 and CD44 (chondrocyte markers). Comparison across
421 different cell types and cell source at p0 through p10. Data expressed as mean = SEM (*P<0.05
422  using Wilcoxon rank-sum/Mann Whitney test). N: normal, OA: osteoarthritic, C: chondrocytes,

423  CP: chondroprogenitors, p: passage.

424  When expression of markers indicating chondrogenic potential was assessed we found that both
425  cell populations exhibited high levels of CD9, CD29, CD151 and CD49e¢ with no significant
426  difference between the two (Fig 8). CD49e which forms a heterodimeric fibronectin receptor along
427  with integrin B1(CD29), has been defined as a definitive marker for CPs, and forms the basis for
428  their isolation employing fibronectin differential adhesion assay(17,28). A very important

429  observation was that all chondrocyte groups including freshly isolated cells expressed high levels
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430  of CD49¢ and CD29, matching those expressed in CPs. These results indicate that CD49e is not a
431  cell specific marker when differentiation between chondrocytes and CPs is required as has already
432 been evidenced by earlier reports(15,39). CD166 in addition to being considered a marker of strong
433  chondrogenic potential has also been reported to be an identifier for mesenchymal progenitor cells
434  within human cartilage(31,40). Our results showed that even chondrocytes along with CPs
435  expressed high levels of CD166, although expression in CPs was significantly higher than that in
436  chondrocytes at early passages (Fig 9; Table 1). CD146, another bio-marker for enhanced
437  chondrogenesis and reported to be expressed by early mesenchymal lineage stem cells was seen
438 to be minimally expressed by chondrocytes(41-43). CPs on the other hand demonstrated a
439  significantly higher expression of CD146 than chondrocytes with an upregulation in levels seen
440  with increased time in culture (Fig 9, Table 1 and 2). From these results it may be proposed that if
441  cells are chosen from early passages then CD166 and CD146 may be considered as positive bio-

442  markers suitable for cell specific sorting while selecting chondroprogenitors.

443  Analysis of mRNA expression to assess variable difference in chondrogenic potential and degree
444  of hypertrophy between the two cell populations yielded mixed results. While considering markers
445  for chondrogenesis, both populations showed high levels of SOX9 and Aggrecan whereas
446  chondrocytes from an earlier passage showed significantly higher levels of Collagen II than CPs.
447  Evaluation of markers indicating tendency for hypertrophy revealed that both cell populations
448  showed high expression of collagen I, moderate to low expression of MMP-13 and low expression
449  of Collagen X and RUNX2 while CPs demonstrated a significantly lower expression of Collagen
450 X as compared to chondrocytes. These results lend support to earlier reports which show a
451  downregulation of Collagen II and an upregulation of Collagen I in chondrocytes when expanded

452  in culture and additionally suggest a similar trend for CPs (38,44). Our observations are also in
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453  accord with an earlier study which suggests that CPs are a suitable contender for cell-based repair

454  due to their lower propensity for hypertrophy(44).

455  Inorder to assess biological characteristics like replicative and differentiation potential which have
456  been reported to be superior in CPs(17) given their MSC like nature when compared to a mature
457  cell like chondrocyte, we compared their growth kinetics based on CPD and tri-lineage
458  differentiation potential. The results did not show a significant difference in the proliferative
459  capacity between the two cell populations when CPD was considered even though CPs additionally
460 received TGFB2 and FGF2 (growth factors) supplementation while in culture(17,18). When results
461  for trilineage differentiation were analyzed, an interesting finding was that in addition to CPs,
462  chondrocytes expanded in culture (p2) also demonstrated potential for adipogenic, osteogenic and
463  chondrogenic differentiation. Qualitative comparison revealed that CPs demonstrated higher
464  uptake of Alcian blue and lower uptake of Alizarin red as compared to chondrocytes suggesting

465  their greater potential for chondrogenesis and lower tendency for hypertrophy.

466  This study was the first attempt where characterization was performed on two cell populations, not
467  only derived from a single source but also the first to utilize human articular cartilage. A small
468  sample size and donor to donor variability were challenges encountered and may have contributed
469  to certain outcomes remaining obscure. The reported data also constructs a better biological profile
470  of human CPs as well as chondrocytes since cells obtained from normal/OA joints and expanded
471  in culture (up to pl10) were used for acquiring information pertaining to parameters including

472 FACS, gene expression, replicative potential and tri-lineage differentiation.

473  We observe that both cell populations exhibit similar characteristics and since CD49¢ does not
474  seem to be a discrete marker of CP isolation, need for better suited bio-markers of differentiation

475 is warranted. Our findings suggest that cell sorting based on using CD34(-), CD166(+) and
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476  CD146(+) will yield a population of cells primarily composed of CPs. This would be beneficial as
477  the results using RT-PCR and differentiation studies also indicate that CPs demonstrated a lesser

478  susceptibility for hypertrophy and a higher potential for chondrogenesis.

479  In conclusion, the study implies that CPs derived preferably from normal as opposed to OA joints
480 and isolated using markers with higher specificity would yield translatable results in terms of
481  enhanced chondrogenesis and reduced hypertrophy, both indispensable for the field of cartilage

482  regeneration.
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Supporting Information

S1 Table: List of antibodies used for characterization of chondrocytes and
chondroprogenitors by flow cytometric analysis. MSC: mesenchymal stem cell, CD: cluster of

differentiation, FITC: fluorescein isothiocyanate, PE: phycoerythrin and APC: allophycocyanin.

S2 Table: Flow cytometric data (percentage expression) for positive, negative and
chondrocyte markers, of all CD markers from various cell groups at all passages. Data is

expressed as percentage mean += SEM (n=3).

S3 Table: Flow cytometric data (percentage expression) for markers of enhanced
chondrogenesis, of all CD markers from various cell groups at all passages. Data is expressed

as percentage mean = SEM (n=3).

S4 Table: Sequence of the primers used for RT-PCR. SOX9(SRY-box9), RUNX2(Runt
related transcription factor 2), MMP-13(metalloproteinase-13) and GAPDH (glyceraldehyde 3-

phosphate dehydrogenase).
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