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Abstract

Objective: Cartilage tissue engineering strategies that use autologous chondrocytes require in vitro
expansion of cells to obtain enough cells to produce functional engineered tissue. However,
chondrocytes dedifferentiate during expansion culture, limiting their ability to produce
chondrogenic tissue and their utility for cell-based cartilage repair strategies. The current study
identified conditions that favor cartilage production and the mechanobiological mechanisms
responsible for these benefits.

Design: Chondrocytes were isolated from juvenile bovine knee joints and cultured with (primed)
or without (unprimed) a growth factor cocktail. Gene expression, cell morphology, cell adhesion,
cytoskeletal protein distribution, and cell mechanics were assessed. Following passage 5, cells
were embedded into agarose hydrogels to evaluate functional properties of engineered cartilage.
Results: Priming cells during expansion culture altered cell phenotype and chondrogenic tissue
production. Unbiased RNA-sequencing analysis suggested, and experimental studies confirmed,
that growth factor priming delays dedifferentiation associated changes in cell adhesion and
cytoskeletal organization. Priming also overrode mechanobiological pathways to prevent
chondrocytes from remodeling their cytoskeleton to accommodate the stiff, monolayer
microenvironment. Passage 1 primed cells deformed less and had lower YAPI1 activity than
unprimed cells. Differences in cell adhesion, morphology, and cell mechanics between primed and
unprimed cells were mitigated by passage 5.

Conclusions: Priming suppresses mechanobiologic cytoskeletal remodeling to prevent

chondrocyte dedifferentiation, resulting in more cartilage-like tissue-engineered constructs.
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Key words: chondrocyte dedifferentiation, cartilage tissue engineering, cell adhesion, cartilage

regeneration

Introduction

Articular cartilage has a limited self-healing capability from trauma or degenerative
diseases, such as osteoarthritis (OA), resulting in joint pain and dysfunction. OA is the most
common joint disease worldwide, affecting over 30 million adults in the United States'. Due to an
aging population and an increase in younger patients (<60 years of age) developing cartilage
defects?, there has been a shift towards using tissue engineering strategies to repair smaller, early-
stage cartilage lesions to restore joint biomechanics and prevent further damage.

There have been significant advancements in the development of biological repair
strategies, such as matrix-induced autologous chondrocyte implantation (MACI), that aim to
overcome cartilage’s inability to regenerate by engineering tissue-scaffolds in vitro and implanting
them directly into cartilage defects®. Although these techniques have shown promise, the
engineered cartilage substitutes produced do not possess the same mechanical and biochemical
properties as native articular cartilage, which may subsequently reduce implant longevity*.
Chondrocyte dedifferentiation during monolayer expansion (i.e., two-dimensional, 2D) culture is
responsible for the inferior quality of cartilage tissue substitutes®. Dedifferentiated chondrocytes
experience a phenotypical and morphological shift towards fibroblast-like cells, resulting in a
decreased ability to produce extracellular matrix (ECM) rich in collagen type Il and aggrecan upon
transfer to three-dimensional (3D) culture®?.

Cells are highly influenced by their surrounding microenvironment, with factors including

substrate stiffness’!!, cell density, media osmolarity, gas concentration, and exogenous growth
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12,13 affecting gene expression and protein production. Specifically, priming cells with a

factors
combination of TGF-B1, FGF2, and PDGF-B during 2D expansion culture has been effective in
increasing chondrogenic matrix production in 3D culture. This technique has been used to create
engineered cartilage with chondrocytes obtained from healthy adult canine joints'#, juvenile
bovine joints'®, and both healthy and osteoarthritic human cartilage'® 7. Despite promising results,
the mechanisms underlying the long-term effects of priming during 2D expansion on 3D tissue
production remain poorly understood, and the presence of specific biomarkers that could predict
successful development of cartilage-like tissue is yet to be determined.

Thus, the objective of this study was to determine the relationship between cell properties
during 2D expansion culture and 3D matrix production. Specifically, we investigated how growth
factor priming during expansion culture alters cell phenotype and improves chondrogenic matrix
production. Findings from this study provide valuable insights into cell characteristics that may

be important for identifying and expanding autologous chondrocytes that can successfully

recapitulate healthy functional cartilage.

Materials and Methods

Study Design

Chondrocytes were isolated from juvenile bovine knee joints and cultured in media with (primed,
+GF) or without (unprimed, -GF) a growth factor cocktail consisting of Ing/mL TGF-B1, 10ng/mL
PGDF-fpB, and 5ng/mL FGF-2 for up to passage 5 (Figure 1). The effect of priming on gene
expression, cytoskeletal distribution, cell adhesion, and single-cell mechanics were evaluated

following passage 1, 3, and 5. Analyses were performed to assess how cellular changes due to
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priming translated to differences in tissue mechanics and biochemical composition in 3D culture.
For extended methods please see supplemental material.

RNA expression analysis

Total RNA was isolated from unprimed and primed chondrocytes from each condition and sent to
UCSF Genomics Core Facility for RNA-sequencing and data processing (n=3 wells/group).
Differential expression was performed to determine pairwise combinations with respect to
expansion culture condition (primed to unprimed). Differentially expressed genes (DEGs) with a
false discovery rate (FDR) value <0.01 were considered significant. Gene ontology enrichment
analysis of DEGs upregulated and downregulated due to priming (FDR<0.01) were analyzed
separately using DAVID Bioinformatics Database. Categories with a Benjamini-Hochberg
adjusted p-value < 0.05 were considered significant. Gene ratios were calculated for each enriched
gene ontology term. Ingenuity Pathway Analysis (IPA) software was used to further analyze
DEGs. The right-tailed Fisher's exact test (p<0.01) was used to calculate statistical significance
and the z-score was used to identify the observed activation state (z-score>2 for activated and <-2
for inhibited). RNA-seq was validated with qPCR (Supplemental Table 1). Reactions (n=3 wells/
group) were run in duplicate, followed by quantification using the AAC;method with normalization
to GAPDH.

Mechanical characterization of single cells

A custom-built microfluidic device with a microfluidic contraction channel embedded in
polydimethylsiloxane (PDMS) was fabricated using standard soft-lithography and used to
determine cell stiffness'®. The device included a contraction channel that applied a compressive
strain to cells as it traversed through the channel. A non-pulsatile inlet pressure was applied to

flow cells through the channel, and a constant DC voltage was applied to measure current pulses
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caused by cells as they transited the device. Current data was filtered using a low-pass filter, and

a custom written software (https:/github.com/sohnlab/NPS-analysis-chondrocytes) was used to calculate

the magnitude and duration of each current sub-pulse. Each group was tested in triplicate using
three different devices. Deformed diameter and transverse deformation were calculated based on
a constant strain applied to cells (target strain range = 0.1-0.4) within the contraction channel based
on methods described in Kim et al.'®. To account for differences in cell size, preliminary
experiments were performed to determine the expected cell diameter and devices were fabricated
with contraction channels of two sizes (9.8 and 10.5um) to achieve the target applied strain range
for each passage and experimental group. One- to-one matching was used to ensure no significant
difference in strains between primed and unprimed cells. After matching, two-sided permutation
tests were used to compare unprimed and primed cells at each passage and evaluate the effect of
passaging on transverse deformation (n=3 devices/group; >68 cells/group).
Immunofluorescence

48 hours after plating, cells were prepared for immunostaining of actin fibers and focal adhesions.
First, cells were incubated with a primary antibody against vinculin, followed by a one-hour
incubation with an Alexa Fluor 594 secondary antibody. Cells were then stained for F-actin using
Alexa Fluor 488 Phalloidin and cell nuclei using DAPI. Maximum pixel projection images were
generated in ImagelJ and phalloidin stained images were used to calculate cell spreading area (n=3
wells/group; 45-80 cells). F-actin images were randomized and shown to three independent graders
(n=3 wells/ group; 52-79 cells). Graders classified each image in one of two groups based on stress
fiber clarity in the cytoplasm (Supplemental Figure 1). Graders showed good interrater reliability,

with 76% agreement (confidence interval: 72-79; k=0.60).
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To examine YAP nuclear localization, cells were cultured for 3 days, fixed, permeabilized, and
blocked for non-specific binding. Cells were incubated with a mouse anti-Yap!1 primary antibody,
then incubated with Alexa Fluor 594 goat anti-mouse secondary antibody. DAPI was applied for
nuclear staining before imaging. YAP distribution was calculated as the staining intensity in the
nucleus divided by staining intensity in the cytoplasm (n=3 wells/group; 297 cells). Differences in
YAP expression between P1 unprimed and primed cells was compared using an unpaired two
tailed parametric t-test (p=0.0006).

Cell adhesion assays

For centrifugation-based cell adhesion assays, cells were incubated in 10% serum media with
lug/mL Hoechst and seeded into 24 well plates for 20 minutes. Cells were imaged to determine
initial cell number. Wells were filled with fresh media and plates were sealed, inverted, and
centrifuged at 2250g for 5 minutes. Following centrifugation, fresh media was added, and the
plates were re-imaged. Image] was used to overlay images and count the remaining cells (3
wells/group, 3 images/well).

For the trypsin-based adhesion assay, primary and P2 cells were expanded to ~70% confluence in
24-well plates'. Hoechst was added to the culture media and cells were incubated for 30 minutes.
Cells were imaged to determine initial cell count, washed with PBS, and then trypsin was added
to all wells. At each time point, 10% serum-media was added to the appropriate wells to deactivate
the trypsin. Media was changed in each well to remove any floating cells. All wells were reimaged,
and remaining cells were calculated (3 wells per time point, 3 images/ well).

3D tissue culture: mechanics and biochemistry

After P5, cells were embedded in 2%/wv Type VII-A agarose and cast between two glass plates

(36.4+6.8x10° cells/mL). Cylindrical constructs (diameter=4mm, thickness=2.45+0.04mm) were



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Priming alters cell behavior and matrix production

cultured for 35 days in serum-free chemically defined medium supplemented with 10ng/mL
TGFR3 for the first 14 days'* !”. Cells were also encapsulated in agarose after P3; however, those
results are not presented due to an issue with nutrient diffusion (Supplemental Figure 2)*°.
Unconfined compression testing was performed to evaluate initial and final mechanical properties
under stress relaxation (10% strain). Equilibrium modulus was calculated at the end of a 30-minute
hold (n=8 constructs/group). After mechanical testing, wet weights (ww) were measured, and
samples were lyophilized to determine dry weights (dw). Swelling ratio (SR) was calculated by
normalizing day 35 ww by the average ww from day 1 for each group. Lyophilized samples were
digested overnight in proteinase K. DNA, glycosaminoglycan (GAG), and hydroxyproline
contents were measured (n=8/group). The mass ratio of hydroxyproline to collagen was assumed
to be 7.64 and used to calculate total collagen content. GAG and collagen contents were
normalized by ww and DNA content to measure matrix composition and cell activity in matrix
production, respectively.

Statistical analysis

For statistics, a two-way ANOVA with factors of days in culture and priming was used to examine
differences in gene counts, cell spreading area, cell adhesion, tissue mechanics, and matrix
composition. Changes in cell adhesion over time was assessed with a two-way ANOVA (factors
= passage and time point). A Tukey post-hoc analysis was performed whenever statistical
significance was achieved (p<0.05). Differences in tissue composition and mechanics with priming

was compared using an unpaired two-tailed parametric t-test.

Results
Transcriptional profiling reveals differences based on both growth factor priming and

passage number during chondrocyte monolayer expansion
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Hierarchical clustering and principal component (PC) analysis indicated clear clustering of gene
expression profiles based on passage and priming, with P1 primed cells showing the greatest
difference from other groups (Figure 2A-2B). At higher passages, primed and unprimed cells
clustered similarly along PC2, suggesting a convergence with passaging. A similar ratio of
downregulated to upregulated genes occurred at all passages; however, the number of significant
DEGs were nearly 2-fold greater for P3 and PS5 when compared to P1, and the greatest overlap in
DEGs occurred between P3 and P5 (Figure 2C-2D).

We identified three downregulated (CDH13, CCN3, and NIDI; Figure 2E) and three upregulated
(POSTN, COL8AI, and GPRC5A4; Figure 2F) genes that were among the most significant at all
passages. Genes associated with ECM function and organization were identified in the top ten
most significantly expressed DEGs in unprimed cells, while highly expressed genes in primed cells
related to matrix organization. RNAseq expression was compared to qRT-PCR for four
chondrogenic genes?!, and consistent values were observed, ensuring accuracy of the RNAseq
analysis (Figure 2G). Next, we investigated the mRNA ratio of markers of differentiated
chondrocytes in hyaline cartilage to markers of dedifferentiated chondrocytes in fibrocartilage and
found a significant difference in the COL2A1/ COL1AI and ACAN/VCAN ratio based on priming
only at P1 (P1, p=0.0002; Figure 2H-21).

Gene expression shows enrichment for proliferation in primed cells and cell adhesion in
unprimed cells

The analysis of downregulated genes in primed cells compared to unprimed cells at all passages
identified a prominent role of genes associated with cell signaling, communication, adhesion, and
movement (Figure 3A). Cellular components significantly enriched for genes in unprimed were

related to cellular adhesion at P1 and the matrix and vesicles at P3 and P5 (Figure 3B).
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Furthermore, similar gene enrichment was identified between genes expressed in primed cells at
P3 and PS5, with biological processes related to the cell cycle, gene expression, RNA processing
(Figure 3C) and cellular components in the nucleus (Figure 3D). These results suggest that primed
cells may be in a more proliferative state compared to unprimed cells. In contrast, unprimed cells
may be responding more to changes in substrate stiffness, with differentially expressed genes
associated with signal transduction, cell adhesion, and movement. For completeness, differences
in molecular functions with growth factor priming were also examined for each passage
(Supplemental Figure 3).

Growth factor priming during monolayer expansion reduces cell-substrate adhesion
Numerous biological and cellular processes related to cell adhesion were identified as significantly
enriched in DEGs downregulated with priming at all passages (p <0.01; Supplemental Table 2).
Therefore, we performed further analysis on significant DEGs belonging to the downregulated GO
term “positive regulation of cell substrate adhesion (p <0.01; Figure 4A). The greatest overlap in
transcribed genes related to cell adhesion occurred at P3 and PS5.

A centrifugation-based cell adhesion assay showed that priming significantly reduced cell
adhesion at P1 and P3 (p<0.0001); however, at PS5, cells remained attached to the substrate
regardless of priming condition (p=0.99; Figure 4B). The trypsin-based adhesion assay confirmed
cell adhesion results from the centrifugation-based assay, with a significantly greater percent of
primed cells detaching from the substrate at both P1 (3.5-8 minutes, p<0.02; Figure 4C) and P3
(all time points, p<0.02; Figure 4D) compared to unprimed cells. Differences in cell adhesion
based on passage revealed significantly more cells detaching at P1 than P3 (3.5-8 minutes,
p<0.0001; Figure 4E) in unprimed cells and no significant difference at any time point for primed

cells (p>0.87; Figure 4F).

10
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Priming decreases actin stress fiber formation and cell spreading area at low passages

The greatest priming-dependent differences in cytoskeleton organization were observed at P1
(Figure 5A), where unprimed cells had defined stress fibers and focal adhesions. The relative
number of cells with stress fibers increased with each passage for both unprimed and primed cells,
and unprimed cells consistently contained a greater percentage of cells with stress fibers (p<0.002)
after PO (p=0.99; Figure 5B). Cell spreading followed a similar pattern as actin distribution, where
unprimed cells spread rapidly between initial seeding and P1, and this response was maintained
through P5 (Figure 5C). In line with observed patterns in cell adhesion, priming prevented cell
spreading during early passages (p<0.0001); however, by P35, cell spreading area was similar
between groups (p=0.29). IPA results showed that cell protrusion formation, filament formation,
and cytoskeleton organization were enhanced in unprimed cells at all passages (Figure 5D).
Growth factor priming influences YAP1 signaling in passage 1 cells.

QIAGEN IPA upstream regulator function identified transcriptional regulators YAPI and TAZ to
be inhibited in primed cells compared to unprimed cells at P1 (Figure SE), but not at P3 or P5
(Supplemental Table 3). Specifically, 21 of 56 DEGs downstream of Y4API showed an inhibition
of YAPI in primed cells (Figure 5F). Immunofluorescence imaging showed significantly greater
YAP1 nuclear to cytoplasmic staining in unprimed cells than primed cells (Figure 5G), agreeing
with our sequencing results that YAP was activated in unprimed cells.

Single-cell mechanics during expansion culture are dependent on both growth factor
priming and passage number

Since YAP/TAZ activity corresponds to cytoskeletal tension, we sought to determine if growth
factor priming during expansion culture causes detectable differences in chondrocyte mechanical

properties using mechano-NPS (Figure 6). Unprimed cells were significantly larger than primed

11
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cells at all three passages (Figure 6D). At P1, primed cells experienced greater deformations for
an applied strain range than unprimed cells, suggesting that primed cells were less stiff (p <0.0001;
Figure 6E). No differences in cell stiffness were observed with priming at P3 (p= 0.72; Figure 6F)
or P5 (p=0.05; Supplemental Figure 4). There was a significant decrease in transverse deformation
of primed cells between P1 and P3 (p=0.002; Figure 6G); however, an increase in transverse
deformation was observed between P3 and P5 (p=0.009; Figure 6H). In contrast, no significant
differences were seen in the transverse deformation of unprimed cells between P3 and P5 (p=0.65;
Figure 61).

Priming during expansion culture improves development of functional engineered cartilage
Gross construct morphology revealed an increase in volume and tissue opacity compared to day 1
(Figure 7A). Constructs seeded with primed cells were ~15% smaller based on swelling ratio
(Figure 7B). Both groups had similar proliferation rates in 3D culture (Figure 7C), suggesting that
the increased proliferation rate in primed cells was limited to 2D culture. Constructs with primed
cells produced tissue with greater GAG and collagen when normalized to DNA content (Figure
7D-7E) and wet weight (Figure 7F-7G) compared to the unprimed group. Greater matrix
production was associated with a ~25% larger compressive modulus in the primed group (Figure
7H). Engineered tissue from both groups resulted in compressive mechanical properties (Ey = 400-
1000 kPa) and GAG content (native = 5-10 %w/w) within the range of native cartilage??. Total
collagen content was consistent with previous cartilage tissue engineering studies (1.5-2%/ww),

but significantly less than native values (native = 10-20 /%ww).

Discussion
Previous studies showed that chondrocyte dedifferentiation occurs during expansion culture and

that additional biochemical cues, such as endogenous growth factors, are important for tissue

12
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production'? 13, While many of these studies showed that priming cells with growth factors
increases GAG and collagen production and de novo tissue stiffness, it is unknown how priming
during 2D culture affects long-term cell response in 3D culture'# 16:2*2% Thus, we examined how
growth factor priming with TGF-B1, PGDF-Bp, and FGF-2 alters cytoskeletal distribution, cell
adhesion, single-cell mechanics, and gene expression to identify mechanisms by which cell
behavior leads to improved tissue production. Our unbiased transcriptomic profiling and functional
studies reveal that priming overrides mechanosensitive cytoskeletal remodeling during expansion
culture, facilitating greater matrix production when cells are reintroduced to a 3D environment.
Cell adhesion is essential for cell function, and we found cell-substrate adhesion to be greater in
unprimed cells at earlier passages (Figure 4). Like mesenchymal stem cells, dedifferentiated
chondrocytes are known to adhere strongly to plastic in monolayer culture over successive
passages; therefore, our results suggest that priming prevents dedifferentiation-associated cell
adhesion®. Consistently, transcriptional analysis revealed that the gene ontology term “positive
regulation of cell-substrate adhesion” was enriched in unprimed cells, and three of the most
significant downregulated genes in primed cells were related to regulating cell-substrate adhesion
(APOAI, CDHI13, and NIDI). Interestingly, all three genes have been related to OA,%>27 with
downregulation of APOAI in osteoarthritic cartilage and upregulation of CDHI3 expression in
posttraumatic OA.

Vinculin imaging revealed development of focal adhesion complexes in unprimed cells, with
fewer defined focal adhesions in primed cells until P3. Shin et al. showed an increase in focal
adhesion area and length, and an upregulation of focal adhesion kinase with greater passages?®.
They also linked focal adhesion kinase expression to chondrocyte dedifferentiation, showing a loss

of fibroblast characteristics and a recovery of collagen type II, aggrecan, and SOX9 expression

13
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with focal adhesion kinase inhibition. While we did not observe downregulation of these genes
with priming, our results agree with their findings that cell adhesion increased with passaging in
unprimed cells, and the increase in cell-substrate adhesion could be delayed with priming.

Cell shape is indicative of chondrocyte phenotype and dedifferentiated chondrocytes have a
flattened, fibroblastic morphology with actin polymerization and prominent actin stress fibers!'®2*-
31, An increase in actin polymerization has been linked to greater cell spreading area, while actin
depolymerization results in chondrocyte redifferentiation®> ¥, Interestingly, we found that priming
preserved cell morphology, as noted by reduced cell spreading and fewer prominent F-actin fibers.
At early passages, morphological characteristics of primed cells were similar to cells cultured on
softer substrates with stiffnesses comparable to native cartilage. Specifically, primed cells at P1
and cells expanded on soft substrates have a smaller area, fewer stress fibers, and fewer focal
adhesions compared to unprimed cells or cells cultured on stiff substrates® '

Cell mechanics depend on cytoskeleton structure and are important for regulating cell growth,
adhesion, migration, and differentiation. Sliogeryte et al. showed that P1 chondrocytes are stiffer
than freshly isolated chondrocytes,** and extensive research has shown a relationship between cell
mechanics and substrate stiffness®. That is, cells adapt their cytoskeletal tension based on their
microenvironment, leading to alterations in cell signaling®. Our findings showed that primed cells
were less stiff than unprimed cells at P1, which agrees with previous work that showed an

association between cell-substrate adhesion and cell stiffness®’” 38

. Generally, comparisons
between unprimed and primed P1 cells were similar to previous observations between primary and

passaged unprimed cells, including actin organization, focal adhesion, and cell spreading area®®

33, Moreover, by being less stiff, primed cells again showed similarities to cells cultured on softer

14
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substrates!!. Taken together, our findings suggest that priming may act to preserve primary
chondrocyte mechanics.

A major finding in this study was the inhibition of YAP signaling in P1 primed cells. YAP and
transcriptional co-activator TAZ are downstream effectors of the Hippo signaling pathway and
play a major role in mechanotransduction. Additionally, YAP/ TAZ signaling has been linked to
variations in chondrocyte phenotype in response to substrate stiffness, with chondrocytes cultured
on softer substrates showing significantly less YAP nuclear localization and greater expression of
Sox9, collagen type II, and aggrecan®”. Zhang et al. found that human cartilage matrix stiffness
increased with OA and that increasing matrix stiffness resulted in YAP activation with a gradual
loss of chondrogenic phenotype*’. Our results are consistent with these findings, where P1
unprimed cells showed YAP activation, and primed cells had many parallels to cells cultured on
softer substrates, with downregulated YAP expression and decreased nuclear localization.
Moreover, the relationship our results reveal between priming and Y AP localization are consistent
with other findings where cells lacking Y AP displayed lower cell adhesion, stiffness, and contact
area, and fewer actin bundles and stress fibers®’. Since YAP mediates mechanical cues from the
microenvironment, these results further support the notion that priming prevents cells from
responding to the stiff monolayer culture.

Given the vast interactions of growth factors in cartilage development and homeostasis, it is likely
that a combination of growth factors is required for regeneration'?. The combination of TGF-B1,
PGDF-Bp, and FGF-2 has been used to assess changes in chondrocyte proliferation, migration, and
proteomics in 2D and 3D culture!* '¢2%24 To our knowledge the effect of this combination on
cell mechanics, cell adhesion, and gene expression has not been investigated. This is important

for understanding biomarkers that may predict preferred cartilage regeneration. Results from this

15
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study were consistent with proteomic analysis of primed and unprimed canine chondrocytes, where
proteins involved in synthesis and processing of ECM-components or associated with the
cytoskeleton were downregulated in primed cells, while proteins associated with cell cycle
regulation were upregulated'*.

Despite the findings of this manuscript, there are some important limitations. First, we cultured
cells in hydrogel scaffolds following 5 passages. Future work should examine the relationship
between cell properties and 3D tissue production during expansion culture at lower passages,
where larger differences in cell behavior were observed. Second, gene expression analysis was
only conducted on cells in 2D culture and 3D analysis only examined total glycosaminoglycan and
collagen protein content. Further analysis on differences in 3D tissue growth would provide greater
insight into long-term effects of priming during expansion culture.

In conclusion, our results show that growth factor priming during expansion culture alters
chondrocyte phenotype, preventing them from remodeling their cytoskeleton in response to a stiff
microenvironment. Specifically, priming delayed dedifferentiation associated changes in cell
adhesion and cytoskeletal organization, with unprimed cells showing both a transcriptional and
mechanistic increase in cell adhesion. The increase in cell adhesion was accompanied by an
increase in focal adhesions, cell spreading area, stress fiber development, cell stiffness, and YAP1
activation. Furthermore, primed cells redifferentiated in 3D culture to produce de novo tissue with
greater equilibrium modulus, GAG and total collagen content. Taken together, these results
suggest that priming suppresses mechanobiological cytoskeletal remodeling to prevent
chondrocyte dedifferentiation and to promote superior tissue formation. Future studies should

investigate whether these observations are transferable to human cells, and if specific target genes

16
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can be identified to reduce the cost associated with regenerating articular cartilage.
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Illustrations and Tables
Figures

Figure 1. Schematic of study design for chondrocytes primed (+GF) or unprimed (-GF) with a
growth factor cocktail during expansion culture. Gene expression (RNA-seq and qPCR), cell
morphology and cytoskeletal protein distribution (IF), cell mechanics (mechano-NPS), and cell
adhesion (centrifugation-based and trypsin-based assay) were assessed following passages 1, 3,
and 5. Following passage 5, cells were embedded into agarose hydrogels, and mechanical and
biochemical properties were assessed at day 35.

Figure 2. Unbiased RNA-sequencing results for primed and unprimed chondrocytes during 2D
expansion culture through five passages. Culture media for primed chondrocytes was
supplemented with a growth factor cocktail. (A) Heat map of z-scores show gene expression
patterns for differentially expressed genes (DEGs) based on priming for each passage; blue
indicates downregulated genes and red indicates upregulated genes. Columns represent samples
and rows represent genes. (B) Principal component analysis shows the separation of samples
based on priming and passage (n=3 per group). (C) Number of down and upregulated DEGs at
each passage (FDR <0.01). (D) Venn diagram showing number of common and unique DEGs
based on passage. Top ten down- (E) and up-regulated (F) genes based on false discovery rate
(FDR) in primed cells relative to unprimed cells at each passage. Log2(fold change) values for
each gene displayed at each passage in columns and FDR values displayed below each table. (G)
Comparison of results from four genes measured using both RT-qPCR and RNAseq to validate
results from RNAseq. Results from RT-gqPCR are shown as mean * standard deviation (n=3).
mRNA ratio of collagen type Il to collagen type I (H) and aggrecan to veriscan (I) in unprimed

and primed cells at each passage (n=3 per group, mean = SD). Statistical analysis was performed
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using a two-way ANOVA (factors = passage and treatment) with Tukey-Kramer post-hoc test. A
represents statistical difference based on priming at each passage. B represents statistical
difference compared to passage 1, for primed cells. C represents statistical difference compared
to passage 1, for unprimed cells.

Figure 3. Gene ontology (GO) enrichment analysis of differentially expressed genes based on
priming for passages 1, 3, and 5 (P1, P3, and P5) identified using DAVID functional enrichment
tool. Dot plots show biological processes and cellular components downregulated (A, B) and
upregulated (C, D) in primed cells compared to unprimed cells. Top 10 significantly enriched GO
terms with -log Benjamini—Hochberg adjusted p-value < 0.05 are shown. Gene ratio represents
the ratio of the genes belonging to the gene ontology term to the total number of down or
upregulated DEGs at that passage. Colored labels on y-axis represent grouping for clarity. Reg.
= regulation.

Figure 4. Effect of growth factor priming on cell adhesion. (A) Heat map showing z-scores of
significantly expressed DEGs s identified as part of the gene ontology term “positive regulation of
cell substrate adhesion” (Supplemental Table 2). (B) Centrifugation-based assay results (n=3
wells/group, 9 images/well). Statistical analysis was performed using a two-way ANOVA, with
factors passage and growth factor treatment, and a Tukey’s multiple comparisons post hoc test.
Groups were compared based on growth factor priming at each passage (*p<0.0001 for connected
groups). A Trypsin-based assay was performed to evaluate differences in cell detachment based
on priming at (C) passage I and (D) 3 (n =3 wells/group, 3 images/well). Statistical analysis was
performed using a two-way ANOVA, with factors passage and culture time, followed by a Tukey’s
multiple comparisons test. Groups were compared based on growth factor priming at each time

point, *p<0.02. The trypsin-based assay was used to compared differences in cell detachment
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between passage 1 and 3 for (E) unprimed and (F) primed cells (two-way ANOVA factors =
passage and time; Tukey’s multiple comparisons post-hoc, n=3 wells/group, 3 images/well)
Groups were compared based on passage number at each time point, *p<0.0001. Grey lines
indicate mean * standard deviation (SD).

Figure 5: Growth factor priming influences stress fiber development, cell spreading, and YAPI
signaling at passage 1. (A) Visual representation of immunofluorescent staining of F-actin and
vinculin in primed and unprimed cells 48 hour following plating and passage 1, 3 and 5. Images
of passage 1 cells are selected with a grey box to highlight differences. Scale bar: 10 m. Differences
in (B) percent of cells with stress fibers (n=3 wells/ group, 52-79 total cells/group) and (C) cell
spreading area (n=3 wells/ group; 45-80 total cells/group) based on priming were found using
phalloidin stained cells at passage 1, 3, and 5. Two-way ANOVA, factors= passage and growth
factor priming, followed by Tukey’s multiple comparisons tests. Groups connected by the same
letter are not statistically different. (D) Diseases and biological functions identified by IPA
Downstream Effects Analysis that are associated with DEGs in primed cells compared to unprimed
cells. Activation z-scores shown for each category, blue (negative z-score) indicates the biological
diseases is decreased in primed cells compared to unprimed (z-2 is a statistically significant
decrease). All groups displayed have -log(p-value)>13.2, calculated by IPA using right-tailed
Fishers Exact test. (E) IPA Upstream Regulators tool predicted expression of YAPI and TAZ based
on DEGs in primed cells compare to unprimed cells (z-2 is inhibited). P-value calculate using
right-tailed Fishers Exact test. (F) Target molecules in dataset in support of inhibition of YAPI
expression in passage 1 (P1) primed cells compared to unprimed. Blue (downregulated) and pink
(upregulated) are the log2 F'C expressions of the gene in the data set. Grey scale shading represents

the predicated measurement direction of YAP1 based on the measurement direction of that gene
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(inhibited, activated, or affected). For genes labeled affected, literature suggests the genes are
regulated by YAPI, but it is unknown if the gene is upregulated or downregulated by YAPI
expression. (G)Representative images of YAP1 and nucleus immunostaining of cells at passage 1.
Scale bar:10 m.(H) Quantification of nuclear to cytoplasm staining intensity of YAPI based on
priming in P1 cells (n=3 wells/group, 297 total cells/group). Statistical analysis was performed
using an unpaired two tailed parametric t-test, p=0.006.

Figure 6: Influence of growth factor priming on chondrocyte mechanics during monolayer expansion. (A)
Schematic representation of mechano-NPS microfluidic device used to measure cell mechanics, including
a series of node-pore segments where free cell diameter is calculated and a contraction channel where cells
experience a constant strain. (B) Cross-sectional view of a node-pore segment and the contraction channel
occupied by a cell (red circle). Wyore, Wnode, Weont, ANd Behannel cOrrespond to the widths of the pores, nodes,
contraction channel, and the channel height, respectively. For the devices used, Wpore = 18, Wnode=24 ,
Weom= 9.8 or 10.5 , and hepanner =16.6 or 16.67 . (C) Expected current pulses as a cell transits the device. I,
Alyy, and Al correspond to the baseline current and the current drops in the node-pore and contraction
channel segments. AT. corresponds to the cell’s transit time in the contraction channel. Figure adapted
from . (D) Cell diameter measured using mNPS in preliminary experiments to determine appropriate
contraction channel sizes that maintained a consistent strain range (n=114, two- way ANOVA, factors=
passage and growth factor priming, followed by Tukey’s multiple comparisons tests. Groups connected by
the same letter are not statistically different). Deformed diameter verse strain for (E) passage 1 (n=109
cells/group) and (F) passage 3 (n=115 cells/group) cells based on priming. Line of best fit (linear)
displayed for clarity. Differences in transverse deformation based on passage number for primed cells at
(G) P1 and P3 (n=68 cells/ group; applied strain = 0.15- 0.39) and at (H) P3 and P5 (n=117cells/group;
applied strain = 0.1- 0.34) (I) Comparison of transverse deformation in unprimed cells based on passaging
at P3 and P5 (n=262 cells/group; applied strain = 0.1- 0.35). At least 3 microfluidics devices were used

for each group in all experiments. For statistical analysis of results from mechano-NPS (E-I), 1-1 matching
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with a caliper of 0.1 was used to ensure no significant differences between groups based on strain and then
a two-sided permutation test was used to calculate p-values (see methods for information on test statistics).
Figure 7: Engineered tissue production of constructs primed and unprimed during expansion culture at
day 35. (A) Representative images of constructs containing cells primed during expansion culture at day 1
and 35 and a construct containing unprimed cells at day 35. (B) Swelling ratio, defined as day 35 wet
weight normalized to average wet weight at day 1 for each group, for constructs containing cells primed
and unprimed during expansion culture. (C) The number of cells/ constructs measured weekly for the 5-
week culture period (n=6-8 constructs/ group, two-way ANOVA, factor= growth factor priming and days
of culture, followed by Tukey’s multiple comparisons post-hoc). Groups connected by the same letter are
not statistically different. GAG and collagen content normalized by DNA content (D, E) and wet weight (F,
G), respectively, for constructs with cells primed and unprimed during expansion (Day 35 values). (H)
Equilibrium Young’s modulus for constructs at day 35. (B, D-H) Statistics were calculated using a two-

tailed parametric t-test (n=8 constructs/ group, mean + SD). **p<0.01, ***p<0.001, ****p<0.0001.
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Supplemental Figures

Supplemental Figure 1: Representative images of cells classified as (A) cells with no defined
stress fibers in the cytoplasm and (B) cells with clearly defined stress fibers. Scale bar is 10 m.
Supplemental Figure 2: Representative image of engineered cartilage constructs seeded with
primed cells at passage 3. The restriction of nutrient diffusion resulted in unreliable mechanical
testing data. The scale bar is Imm.

Supplemental Figure 3. Molecule function gene ontology terms identified in growth factor primed cells
compared to unprimed cells at passage 1, 3, and 5. Top 10 most significant GO terms from each passage
with a -log Benjamini—Hochberg adjusted p-value < 0.05 are shown. Gene ratio represents the ratio of the
genes belonging to the gene ontology term to the total number of down or upregulated DEGs at that
passage.

Supplemental Figure 4: Deformed diameter verse strain for passage 5 primed and unprimed cells
(n=3 microfluidic devices/group,; 152 cells/group). The linear line of best fit is displayed for
clarity. For statistical analysis, 1-1 matching with a caliper of 0.1 was used to ensure no significant
differences between groups based on strain and then a two-sided permutation test was used to
calculate p-values (see methods for information on test statistics).

Supplemental Table 1: Primer sequences for genes used in gPCR?!,

Supplemental Table 2: Significant gene ontology terms identified by DAVID that are related to
cell adhesion in DEG based on priming at passage 1, 3, and 5. All terms shown are downregulated
in primed cells compared to unprimed unless they contain (+GF) in the column labeled passage.
Count represents the number of DEGs belonging to that gene ontology term. Percent represents
the ratio of the genes belonging to the gene ontology term to the total number of down or

upregulated DEGs at that passage. Benjamini—Hochberg adjusted p-value < 0.05.



Supplemental Table 3: IPA predicted expression of YAPI and TAZ as upstream regulators based
on DEGs in primed compared to unprimed cells at P3 and P5. Z-score -2 is predicted to be
significantly inhibited and z-score 2 is predicted to be significantly activated. P-values were
calculated with a right-tailed Fisher’s Exact test and the number of target molecules in the data
set identified by IPA is presented. The significance and expression of both genes in the

experimental data set are included (RNA-sequencing columns).



Figure 1

Click here to access/download;Figure;Figure1.tiff

Juvenile Bovine Isolation of Primary Chondrocyte Culture
Arti Cartil
cular Cortlage C"°“d’°.°y'°° Unprimed Growth Factor

@, “Control” “Primed”
: _+GF >
= &
’ - . > - - t- z & »

| Primary cells (day0) |

] 1
IF
Unprimed/Primed Cell Expansion (Passage 1-5)
—* Pl ——s P3 ——s P5
OF GF oF 3D Tissue Culture
i:;—-i !_.——_-l'l +GF Samaas +GF I‘:——#{-‘ +GF |+
— — — — | ———— | QE}’ ; qziii ;
- e - ‘ I
+ + } : t |
| Mechanical Biochemical

T
& IF « mechano-NPS hoveg Asaays
%’ - - o '. . :

4 Centrifugation/ RRRRRR



https://www.editorialmanager.com/oac/download.aspx?id=1190030&guid=6d5cdeaf-127c-48e8-a1c8-0faa15a1251d&scheme=1
https://www.editorialmanager.com/oac/download.aspx?id=1190030&guid=6d5cdeaf-127c-48e8-a1c8-0faa15a1251d&scheme=1

Figure 2 Click here to access/download;Figure;Figure?2.tiff

ELN T A9 oer ER L)
APOAY 401 MEGF10 an
COL2AY 4 04 cA2 316
A FOR < 1E100 A FDR < \E-T9
G Passage H |
0 133 135 135 133 g
3”' i 20-
.2-1 4 .‘6’ A
g %ao 0+GF %1-5'
2-‘- . <10 +
| 20~ \ —" 1 ‘\
g.& 310 \B . 805 \
-~ . - 997
84 Claper ; N 2| SNec sc
[J RNAseq 3 0 v 0.0 41— B—0—
-10 Y T T ; g 8 1 3 5



https://www.editorialmanager.com/oac/download.aspx?id=1190031&guid=0a37cc66-ebea-4f0d-9445-89a71271bc7f&scheme=1
https://www.editorialmanager.com/oac/download.aspx?id=1190031&guid=0a37cc66-ebea-4f0d-9445-89a71271bc7f&scheme=1

Figure 3 Click here to access/download;Figure;Figure3.tiff

GO Bologal Processes GO Cotutaw
Oownreguiated in pimed cels Whmm
g, of ool ‘ © © v
Rog. ot sraieg{iO O © MW 20 mmm M
Fog. of gt Q0 fw Pretuinacoccs extrwcolite mtt- O © O
IrtzaceR LY vy Q “wn Extracolin matie- O © ©
Buogeu sdwsor}Q O Goog rato I xtraced Av maxns comgerant - o GewRato
Gl aduboat® o w00 Exrsconiar wosome {0 @ @ * « 002
Mer of ot e subeatlae v (o] O o om )
Rog of ceduler componnl movement o L o .
L oo O @ Exdrocotiw vsce! @ @ @®:»
o ommoten:  © Mentrwwtord vl @ ©
Vincutators drwicpment{  © Wwadel @ O
hoos vasuel dervolprert | o Lysoncrna o
Chrouatory wyatemn dovepmerti O © O Arhorng uncion § ©
Carfiovascta cystem dovekpractd O © O Aderers prctiond ©
Rag of rresiceiler orgarmmsdl Sevekooment | o0 Fooal sdhesion{ O
Feg of snatormical sructue moptogensssd © Cob-utiatests prcton | O
Reg. of coll dflereriation] &) Cobautstrale acherers Jncson { O
’ R e S

3 3
Passagn Paxsage



https://www.editorialmanager.com/oac/download.aspx?id=1190032&guid=81878a96-6091-4a15-88c7-9c2b70241f81&scheme=1
https://www.editorialmanager.com/oac/download.aspx?id=1190032&guid=81878a96-6091-4a15-88c7-9c2b70241f81&scheme=1

Figure 4 Click here to access/download;Figure;Figure4.tiff

3ish

...,.
T
|
g

dtznsleadithe

Aodadodadad
U

;

g

L

o i®rw

EPTAT 4 .-

‘555"0."’.'0 -

Trmo |*wrates)


https://www.editorialmanager.com/oac/download.aspx?id=1190033&guid=bacc8b11-96d7-4f5f-bd87-247990939f04&scheme=1
https://www.editorialmanager.com/oac/download.aspx?id=1190033&guid=bacc8b11-96d7-4f5f-bd87-247990939f04&scheme=1

Figure 5 Click here to access/download;Figure;Figureb.tiff

P1-GF P1+GF P3 -GF P3 +GF P5 -GF P5 +GF

Merge

F-actin

£

-

=

>
B

100+ D Z-sc0r0
§ LA ] P4
o Orpartzation of cylopasm 27
g Organization of cyloskeleton _-
w Formation of colular protrusions |8 L
) Microtutule dyramcs 28
5 Formation of Maments 2216 :
. Function of blood cods 2al-sl ot
; Colidar homeostass 05 | .10

YAP1 Merge

DARI
F emem
E Foadob 4 o o2
0 : —

P1-GF

YAPY TAZ m
3 BN gy oEm
1 = 0 m ?
g =Y — ta Y
§ -2 .A
r
H * * %

a1 = e e
' e PR ! e
o e B i = >
P1eorem [ (O R o | =3 3 3+
gl D-vaoe ) §
Gone Exgression  PA Predcied Exprosson §2- A
Down I ohtites G n
Uo B rcrivanes g 14 v
i DA"M'r:‘
0 deyr—y—

-GF «GF


https://www.editorialmanager.com/oac/download.aspx?id=1190034&guid=f4476380-c1c9-482d-b1e8-9765c765c9d4&scheme=1
https://www.editorialmanager.com/oac/download.aspx?id=1190034&guid=f4476380-c1c9-482d-b1e8-9765c765c9d4&scheme=1

Figure 6 Click here to access/download;Figure;Figure6.tiff

A N oy Node Costracicn vi.
= A i
. mn C
&3 | 1 | K NO:O Contaction
Froe-col  Deformaniity § '
Contracton
B Node - Pore Chandet ﬁ ’ AL
Pore —
bo_...o' J M.@I [ose—— o >
T
L]
Wonet
D E Passage 3
18+ MRiadh
g 16+ A CA CA 5 18 4
gi‘-*a *; é% 5164
- 4 GF
3 12 T g 14 B hoc-~
BGF B«GF % 0.72
10 T T - v 8 12 < Y .p. \
P1 P3 Ps 0.1 02 03 04
G . +GF H .
S130y XX § 144
ga.zs- gm.
1.20+
1.24
1.154
E 1.104 g 13
1 05 Spr—p— 1.0
= Pl P3 v

Svain 015-030

Strar 01-0.34 Svain: 0.1 -0.35


https://www.editorialmanager.com/oac/download.aspx?id=1190035&guid=c2186bf0-625e-4e6d-8a94-81701cdac9b1&scheme=1
https://www.editorialmanager.com/oac/download.aspx?id=1190035&guid=c2186bf0-625e-4e6d-8a94-81701cdac9b1&scheme=1

Supplemental Material - Figure S1

Click here to access/download
Supplemental Material
Supplemental_Figure1.tiff


https://www.editorialmanager.com/oac/download.aspx?id=1190037&guid=9544e047-e306-4a7c-8dab-77c04c43ebfb&scheme=1

Supplemental Material - Figure S2

Click here to access/download
Supplemental Material
Supplemental_Figure?2.tiff


https://www.editorialmanager.com/oac/download.aspx?id=1190038&guid=f6d7cb09-1dee-4919-a6e4-8683f0d23d2e&scheme=1

Supplemental Material - Figure S3

Click here to access/download
Supplemental Material
Supplemental_Figure3.tiff


https://www.editorialmanager.com/oac/download.aspx?id=1190039&guid=804a9c89-dae6-4f2b-b386-5ca90c457c98&scheme=1

Supplemental Material - Figure S4

Click here to access/download
Supplemental Material
Supplemental_Figure4.tiff


https://www.editorialmanager.com/oac/download.aspx?id=1190040&guid=1c90b620-ac38-454b-9849-4c7493da83e0&scheme=1

Supplemental Material - Table S1

Click here to access/download
Supplemental Material
Supplemental_Table1 tiff


https://www.editorialmanager.com/oac/download.aspx?id=1190041&guid=ae1d5def-89e7-4021-91fc-9f997e95e182&scheme=1

Supplemental Material - Table S2

Click here to access/download
Supplemental Material
Supplemental_Table2.pdf


https://www.editorialmanager.com/oac/download.aspx?id=1190042&guid=c30093b2-cbf4-4f18-8153-dd63bc8f22c5&scheme=1

Supplemental Material - Table S3

Click here to access/download
Supplemental Material
Supplemental_Table3.tiff


https://www.editorialmanager.com/oac/download.aspx?id=1190043&guid=82cc3503-7e38-4859-a92e-2d8cecd13098&scheme=1

H?)%E Ié% 9\§etfggeﬁ8:rgk380964-FF 1A-4DA7-827D-DA8801066246 [C::(I)Igrir(] fbe;\ect%ﬁ(;ﬁ g I,Ssllg ((;)|\cl)vsn llj?gd’s'?; r:g%r FI)DdIfS closure

OSTEOARTHRITIS AND CARTILAGE
AUTHORS'’ DISCLOSURE

Manuscript title _ Priming chondrocytes during expansion culture alters cell
behaviour and improves matrix production in 3D culture

Corresponding author Grace O’Connell, PhD

Authorship

All authors should have made substantial contributions to all of the following: (1)
the conception and design of the study, or acquisition of data, or analysis and
interpretation of data, (2) drafting the article or revising it critically for important
intellectual content, (3) final approval of the version to be submitted. By signing
below each author also verifies that he (she) confirms that neither this
manuscript, nor one with substantially similar content, has been submitted,
accepted or published elsewhere (except as an abstract). Each manuscript must
be accompanied by a declaration of contributions relating to sections (1), (2) and
(3) above. This declaration should also name one or more authors who take
responsibility for the integrity of the work as a whole, from inception to finished
article. These declarations will be included in the published manuscript.

Acknowledgement of other contributors

All contributors who do not meet the criteria for authorship as defined above
should be listed in an acknowledgements section. Examples of those who might
be acknowledged include a person who provided purely technical help, writing
assistance, or a department chair who provided only general support. Such
contributors must give their consent to being named. Authors should disclose
whether they had any writing assistance and identify the entity that paid for this
assistance.

Conflict of interest

At the end of the text, under a subheading "Conflict of interest statement" all
authors must disclose any financial and personal relationships with other people
or organisations that could inappropriately influence (bias) their work. Examples
of potential conflicts of interest include employment, consultancies, stock
ownership, honoraria, paid expert testimony, patent applications/registrations,
and research grants or other funding.

Declaration of Funding
All sources of funding should be declared as an acknowledgement at the end of
the text.

Role of the funding source

Authors should declare the role of study sponsors, if any, in the study design, in
the collection, analysis and interpretation of data; in the writing of the
manuscript; and in the decision to submit the manuscript for publication. If the
study sponsors had no such involvement, the authors should state this.

Studies involving humans or animals

Clinical trials or other experimentation on humans must be in accordance with the
ethical standards of the responsible committee on human experimentation
(institutional and national) and with the Helsinki Declaration of 1975, as revised
in 2000. Randomized controlled trials should follow the Consolidated Standards of

i


https://www.editorialmanager.com/oac/download.aspx?id=1190027&guid=4ca56789-6b21-4401-8b2b-1163cfe4197a&scheme=1
https://www.editorialmanager.com/oac/download.aspx?id=1190027&guid=4ca56789-6b21-4401-8b2b-1163cfe4197a&scheme=1

DocuSign Envelope ID: BE3B0964-FF1A-4DA7-827D-DA8801066246

Reporting Trials (CONSORT) guidelines and be registered in a public trials
registry.

Studies involving experiments with animals were in accordance with institution
guidelines

Please sign below to certify your manuscript complies with the above
requirements and then upload this form at
https://www.editorialmanager.com/oac/

Author Signature Date
. . DocuSigned by: 6/2 5/202 3
Emily Lindberg Emily (in ng
. D}quSigned by: 6/2 3/202 3
Tiffany Wu [

Kristen Cotner E&{Ea byC ,,?{D fS/ZS/i

1795ABEC631F4EF..

DocuSigned by:
6/25/2023
Amanda Glazer @maw\,pb» Hamur
7D38D1910875487...
DocuSigned by:
Amir A. Jamali @V\W L. Jamali 6/24/2023
B4E4B79699B64A2..
DocuSigned by:
24/202
Lydia Sohn E:gv‘«—'» Sotn 6/24/2023
E2F549280FE5491...
DocuSigned by:
Tamara Alliston Tumara listow. 6/28/2023
E233CABEF261499...
DocuSigned by:
Grace D. O’Connell | &race 8'(onnell 6/23/2023

9F3COFF166E14FF..



ICMJE COlI form

Click here to access/download

ICMJE COI form
coi_disclosure_priming.pdf


https://www.editorialmanager.com/oac/download.aspx?id=1190028&guid=920cd5b0-7a6c-4313-8033-e719eec74390&scheme=1



