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ARTICLE INFO ABSTRACT

Keywords: Improvements in the treatment of cartilage require insights into the secretory profile of mesen-
Secretome chymal stem cells (MSCs). Apart from their differentiation potential, MSCs secrete a multitude of
Bioreactor

molecules with therapeutic properties that benefit chondrogenesis and immunomodulation.
Previously, we employed a small-panel microarray to demonstrate differences within conditioned
Cartilage medium (CM) of MSCs that were mechanically stimulated within a joint-mimicking bioreactor
Mesenchymal stem cells and their unloaded controls.
T cells This study analyzed the proteomic content within CM from 4 week mechanically loaded MSCs
with a larger protein microarray. We examined the chondrogenic effect of CM by administration
to MSC and chondrocyte pellet cultures, as well as functional changes in T cell proliferation.
CM from mechanically loaded samples shows a promising push towards chondrogenic phe-
notypes within both pellet cultures. Inhibition of T cell proliferation was also observed. This in
vitro model could enhance our understanding how mechanical load induces changes in MSC
secretome benefitting cartilage healing.

Mechanical loading
Tissue engineering

1. Introduction

Articular cartilage (AC) is the tissue withstanding the loads within an articulating joint. It lines the surface between bones and
minimizes compressive and shear forces. However, due to the lack of blood vessels and the low metabolic activity of the sparsely
embedded cells, cartilage lesions can lead to post-traumatic osteoarthritis (PTOA). PTOA is a major musculoskeletal disorder that
accounts for 12 % of cases with osteoarthritis (OA), resulting in massive health-care costs [1,2].

Current cartilage-restoring strategies can be divided into surgical-only, regenerative medicine and tissue engineering approaches
[3]. Surgical-only techniques include marrow stimulation procedures such as microfracture (MFx), where small defects are made into
the subchondral bone, allowing the formation of a blood clot that contains bone marrow stem/stromal cells. These cells are assumed to
be directed towards chondrogenesis for the replacement of the lost cartilage [4]. Regenerative medicine approaches such as autologous
chondrocyte implantation (ACI) involve implanting the patient’s own cartilage cells from a healthy, non-weight-bearing site to the
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injured site. Before implantation, the cartilage cells require in vitro expansion, as they are low in number. Lastly, tissue engineering
procedures combine cells, scaffolds, biochemical and physical stimuli in vitro to regenerate the tissue, which is then implanted [5].

However, these approaches are hampered by shortcomings: amongst others, MFx results in mechanically inferior fibrocartilage [6],
ACI involves two invasive procedures and cartilage cells dedifferentiate during their expansion [7], while the use of MSCs for cartilage
tissue engineering requires a large number of cells [8].

Naturally, insights from one approach can be used for the other approaches. For example, in vitro tissue engineering models could
explain why microfracture leads to mechanically inferior fibrocartilage [9]. On the other hand, microfracture can be extended through
tissue engineering concepts by use of a collagen matrix to stabilize the blood clot in a procedure termed autologous matrix-induced
chondrogenesis (AMIC) [10].

Notably, our group developed a model that loosely represents the environment after AMIC [11]. Mesenchymal stem/stromal cells
(MSCs) are encapsulated in fibrin that emulates the blood clot containing the bone marrow elements and then seeded into a porous
polyurethane scaffold. The polyurethane sponge reinforces the 3D structure to withstand the unconfined, joint-mimicking compressive
and shear loads exerted by a bioreactor. Simultaneously, the scaffold is sufficiently elastomeric to allow for repeated loading. By
exposing the MSCs to these stimuli, mechanical activation of transforming growth factor 1 (TGF-p1) was demonstrated [12-14].
TGF-p1 is a key player in chondrogenesis and usually secreted in an inactive form by MSCs [15]. While investigating further effects of
the mechanical loading, it became apparent that other proteins were differentially secreted between loaded and unloaded scaffolds.
Amongst others, there were factors that play a role in angiogenesis, hypertrophy and immunomodulation, such as angiopoietin-2,
growth related oncogene a and nitric oxide (NO) [16].

The plethora of secreted factors is termed secretome and includes soluble proteins, lipids, extracellular vesicles and micro-RNAs
[17-20]. Investigating the secretory profile of MSCs could elicit how the cells exert their therapeutic potential. In fact, a study by
de Windt et al. showed the regenerative effect of MSCs on cartilage even though the cells could not be detected after a 12-month period
[21]. This suggests that MSCs might affect target cells either via their secretome or direct cell-to-cell contacts. Furthermore, using only
the MSC secretome as opposed to cell delivery would benefit clinical translation with its longer shelf-life and a superior safety profile
[22,23]. Another study investigated in vitro co-culture of MSCs with chondrocytes (Cho) within their pericellular matrix and found that
MSCs enhanced matrix preservation and synthesis [24]. Evidently, more work is needed to establish the role of the different factors and
their therapeutic effect.

In the present work, we exposed MSCs to joint-mimicking multi-axial load within a custom bioreactor (described in Ref. [25]) and
harvested the conditioned medium (CM) to analyze the soluble protein fraction of the secretome. Thereafter, we investigated the effect
of CM on two chondrogenic models, namely on MSC and Cho pellets. As the CM could also affect cartilage adjacent tissue, such as
synovium, we presented the CM to immune cells. Notably, T cells have been shown to be implicated in OA, by recruiting macrophages
and directly degrading cartilage [26]. We therefore also conducted an experiment to observe the effect of mechanical stimulation on
the immunosuppressive properties of MSC secretome. The aim of the study was to assess the effect of mechanically stimulated MSC
secretome on cell phenotype, with an additional group containing TGF-f included as a control. As we have previously shown that
classical chondrogenic media containing 10 ng/mL TGF-f obscures any effect of loading [14], we chose a more physiological dose of 2
ng/mL to assess whether there was any modulation of the response to load.

2. Materials and methods
2.1. Isolation, culture and seeding of MSCs

Human MSCs were isolated with full ethical approval (Freiburg, EK-326/08) and written informed donor consent from bone
marrow aspirates of 9 donors using Ficoll (Histopaque®-1077, Sigma-Aldrich) density gradient and plastic adhesion [27].

6 donors were used for scaffold seeding and later the mechanical stimulation experiment with the goal to produce CM (four females
aged 18, 48, 51, 57; 2 males aged 18, 55). 3 donors were used for a pellet experiment (two males aged 30 and 53; one female aged 55).

After isolation, MSCs were expanded in Minimum Essential Medium alpha («MEM, Gibco) supplemented with 10 % (v/v) fetal
bovine serum (FBS, Corning), 1 % (v/v) Penicillin-Streptomycin (P/S, 100 U/mL penicillin and 100 pg/mL streptomycin, Gibco) and 5
ng/mL recombinant human fibroblast growth factor basic protein (FGF-b, Fitzgerald Industries International). The cells were cultured
until passage 4 before scaffold seeding and until passage 3 before pellet formation before seeding into scaffolds, as described previously
[12,28]. Briefly, 4.5 x 10° cells were seeded into a cylindrical fibrin-poly(ester-urethane) (fibrin-PU) scaffold (average salt leached
pore size between 150 and 300 pm) with a thickness of 4 mm and a diameter of 8 mm according to previous protocols [12,28]. The cells
were resuspended in 50 mg/mL fibrinogen (Sigma-Aldrich) and added to the sterile lid of a 1.5-mL Eppendorf tube. An equal volume of
a 4 U/mL thrombin solution (Sigma-Aldrich) was then mixed with the fibrinogen-cell solution and the porous scaffold was pressed into
the lid. Repeated compression of the scaffold using tweezers allowed for the influx of the cell suspension into the pores and even cell
distribution as previously shown [11]. Afterwards, the scaffolds were transferred to a cell culture incubator (37 °C, 5 % CO, and 95 %
rH) for 40 min. Another 0.5 x 10° cells were suspended in Dulbecco’s modified Eagle medium 4.5 g/L glucose (DMEM, Gibco) and
seeded on top of the scaffolds with subsequent incubation for 1 h, to mimic a superficial layer as originally described by Gardner et al.
[12]. Thereafter, the scaffolds were placed into polyether ether ketone (PEEK) sample holders that allowed for mechanical stimulation
and then into the bioreactor within a cell culture incubator. Unloaded control samples were transferred to similar PEEK sample holders
and kept in 100 mm Petri dishes within the same incubator as the bioreactor. All scaffold samples were cultured in chondropermissive
medium (CpM) consisting of 4.5 g/L DMEM, 0.11 g/L sodium pyruvate (Sigma-Aldrich), 50 pg/mL L-ascorbic acid 2-phosphate ses-
quimagnesium salt hydrate (Sigma-Aldrich), 100 nM dexamethasone (Sigma-Aldrich), Corning™ ITS + Premix (6.25 pg/mL human
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recombinant insulin, 6.25 pg/mL human natural transferrin, 6.25 ng/mL selenious acid, 1.25 mg/mL bovine serum albumin, 5.35
pg/mL linoleic acid, ThermoFisher), 1 % non-essential amino acids (Gibco), 1 % (v/v) Penicillin/Streptomycin (P/S) and 5 pM 6-ami-
nocaproic acid (Sigma-Aldrich). In contrast to the chondrogenic medium that is commonly found in literature, the chondropermissive
medium consists of the same reagents except for the growth factor TGF-p. This enables the investigation whether other factors, such as
mechanical loading, exert a similar chondrogenic effect as exogenously added TGF-p1. The culture conditions were kept constant at
37 °C, 5 % CO5 and 95 % rH.

2.2. Mechanical loading, production of conditioned medium and scaffold harvest

For the mechanical loading experiment, MSCs from 6 donors within scaffolds (section 3) were exposed to multi-axial load within a
custom-made multi-well bioreactor (MWB), 24 h after seeding, as described previously [25]. Both unloaded (UL) and loaded samples
(L) — within the MWB — were kept in the same standard incubator. The loading protocol consisted of a cyclical back-and-forth motion of
a teardrop-shaped counterface at 1 Hz. The shape introduces a combination of compression and shear. Namely, 10 % pre-strain is
superimposed on 20 % dynamic strain, resulting in a strain range of 10-30 % compression. This loading protocol was run twice per day
(morning and afternoon) for 1 h each, twice a day for 28 consecutive days. Unloaded controls were kept in free-swelling conditions
within the same incubator. Medium was replaced 3 times per week. Once harvested, the CM was first centrifuged at 13000 relative
centrifugal force (RCF) and then stored at —20 °C for later analysis. At the end of the experiment (after 28 days), the scaffolds were
digested in 1 mL 0.5 mg/mL proteinase K (pK, Roche) at 56 °C for 16 h. The pK reaction was inactivated at 96 °C for 10 min and the
samples were stored at —20 °C.

2.3. Isolation and culture of Cho

Human osteoarthritic chondrocytes (Cho) were isolated from femoral heads of 3 patients (two females aged 71 and 74; one male
aged 83) who underwent hip replacement operation with their informed consent and approval by the cantonal ethical commission
(KEK-ZH-NR: 2010-0444/0) using the protocol of Francioli et al. [29].

After isolation, Cho were cultured in base medium of 4.5 g/L glucose DMEM, 10 % FBS, 1 % (v/v) P/S, 0.11 g/L sodium pyruvate, 1
% non-essential amino acids, 100 mmol/L of HEPES buffer solution (Gibco) and 0.29 mg/mL of L-Glutamine (Gibco). For the
expansion up to passage 3, the base medium was supplemented with 1 ng/mL TGF-p1 (Fitzgerald Industries International) and 5 ng/
mL FGF- f. Standard culture conditions were employed (37 °C, 5 % CO» and 95 % rH).

2.4. Protein microarray

The CM acquired during the loading experiment was pooled by week 2, 3 and 4 and load type (load type: loaded (L) and the
unloaded controls (UL)). As an example, ULw2 (CM from UL samples of week 2) consists of medium from the unloaded scaffolds of all 6
donors during week 2. Additionally, a reference sample was kept consisting of CM that was exposed to the cells within the scaffolds for
one day before any loading stimulus (day0) and a cell-free CpM sample was used for background subtraction. Together, this resulted in
the following test samples:

ULw2 (UnLoaded week 2)
ULw3

ULw4

Lw2 (Loaded week 2)
Lw3

Lw4

DayO

e CpM

The proteins within the pooled conditioned media were then detected using a Human L2000 glass slide array (RayBiotech) ac-
cording to manufacturer’s instructions. The signal intensities of the positive controls on the array were used to normalize the results. In

Table 1
Treatment media for MSC and Cho pellet experiment.
Condition Name of condition Base medium Refreshment medium TGF-p1 (ng/mL)
1 CpM- CpM CpM 0
2 CpM+ CpM CpM 2
3 UL CM- UL CM CpM 0
4 UL CM+ UL CM CpM 2
5 L CM- LCM CpM 0
6 L CM+ LCM CpM 2

CpM: chondropermissive medium; CM: conditioned medium; UL: unloaded; L: loaded.
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addition, the intensities obtained from the CpM (acting as blank) were subtracted from the intensities of the test samples.
An interactive Shiny [30] application visualizing all the values can be found under:
https://yannladner.shinyapps.io/TAC-Analysis/?_inputs_&tabs="targets_RB"

2.5. Pellet experiments with MSCs and Cho

Two pellet experiments were performed: one with 3 MSC donors, another with 3 Cho donors. For both experiments, cells were
trypsinized at passage 3 and 200 pL aliquots of 2 x 10° cells in CpM were centrifuged at 500 RCF for 5 min in V-bottom 96-well plates
(ThermoFisher) [27]. The plates were transferred to an incubator to allow pellet formation. Thereafter, the medium was replaced with
200 pL of treatment culture media. Table 1 shows the conditions for the MSC pellet and Cho pellet experiments. For both cell culture
types, there were 6 conditions. The three base medium conditions, namely chondropermissive medium (CpM), conditioned medium
from unloaded scaffolds (UL CM) and conditioned medium from loaded scaffolds (L. CM) were supplemented in a ratio of 1:1 (as seen in
Table 1: Part A:Part B) with the refreshment medium CpM. The base media containing CM consisted of CM pooled from weeks 2-4. All
three base medium conditions were then either supplemented with 2 ng/mL TGF-p1 (denoted with a “+”, e.g. CpM+) or without
TGF-f1 (denoted with a “-“, e.g. CpM-). 2 ng/mL of TGF-B1 instead of the usual 10 ng/mL were chosen as not to obfuscate a possible
synergetic effect of CM and TGF-$1. The culture conditions were kept constant at 37 °C, 5 % CO and 95 % rH. MSC and Cho pellets
were cultured for 28 days and 21 days, respectively.

2.6. T cell proliferation

Ethical approval was granted by the cantonal ethical committee of Grisons (BASEC-Nr. 2019-02353). The blood from 3 healthy
donors was collected by venous puncture and transferred into potassium EDTA-coated tubes (S-Monovette®, Sarstedt). Peripheral
blood mononuclear cells (PBMCs) were isolated using Ficoll density gradient separation (Histopaque®-1077, Sigma-Aldrich).

PBMCs were kept in RPMI 1640 (Gibco) containing 2 mM L-glutamine, supplemented with 10 % (v/v) heat inactivated fetal calf
serum (Biochrom), 1 % (v/v) Penicillin-Streptomycin (P/S, 100 U/mL penicillin and 100 pg/mL streptomycin, Gibco), 30 U/mL
interleukin 2 (IL-2, PeproTech). Standard culture conditions were employed (37 °C, 5 % CO3 and 95 % rH).

For the proliferation experiment, PBMCs were stained with 3 pM PKH26 (Sigma-Aldrich) and transferred to 48-well plates at
500000 cells per well. 5 x 10® Human T-Activator Dynabeads® (Gibco) per well were used for the proliferation. The different
experimental conditions consisted of CM from unloaded (UL_w2) and loaded (L_w2) scaffolds from week 2 that were diluted 1:1 in the
above-mentioned culture medium. Afterwards, the CM were either depleted (via immunoprecipitation) of TGF-§ with a TGF-f1, 2, 3
antibody (R&D Systems) or with a Mouse IgG1 Isotype antibody (R&D Systems) as a control to determine the effect of TGF-f on T cell
proliferation. The medium was refreshed with 30 U/mL IL-2 after 3 days and T cell proliferation was measured after 4 days using the
FACSAria III Cell Sorter (BD). Raw data was analyzed to calculate a division index using the “Proliferation platform” within FlowJo
10.4 (FlowJo LLC) [31]. The division index corresponds to the number of cells at the start of culture divided by the total number of
divisions.

2.7. Biochemical assays

Hoechst 33258 dye (Sigma) was used to quantify the DNA content by measuring fluorescence at an excitation at 355 nm and
emission at 460 nm. The 1,9-dimethylmethylene blue (DMMB) assay was used to quantify the sulphated glycosaminoglycan (sGAG)
content in the CM and pK digested samples. As described previously, absorbance was measured at 530 nm and the highest sGAG
standard in the wells contained 1.25 pg to achieve a stable and linear standard curve [32]. The DNA content was used to normalize the
SGAG content (within scaffolds, pellets or the CM), resulting in sGAG/DNA ratios. A DuoSet® ELISA kit (R&D Systems) was used to
quantify TGF-p1 protein in the CM according to manufacturer’s instructions. Absorbances were measured 450 nm and 560 nm, the
values obtained at 560 nm subtracted from the values obtained at 450 nm, and the concentrations calculated by fitting a
four-parameter logistic curve. Total produced TGF-p1 was measured by activation through acidification of the samples, prior to sample
addition to the plate. Consequently, the total produced TGF-f1 consists of already active and activated TGF-pl. The different
biochemical assays were measured using an Infinite® 200 PRO (Tecan) plate reader.

2.8. Gene expression

For RNA analysis, 2 pellets per group were transferred to 1 mL TRI reagent +5 pL Polyacryl Carrier (both Molecular Research
Centre Inc., Cincinnati, OH, USA) and 5 mm metal balls (MARTIN & C) within 2-mL Eppendorf Safe-Lock® Tubes (Eppendorf). The
samples were then homogenized in the TissueLyser II (Qiagen) for 2 x 3 min at 30 Hz. All steps were conducted at room temperature.
After homogenization, the samples were centrifuged at 12'000 RCF at 4 °C to obtain the supernatant, which was transferred to a new 2-
mL Eppendorf tube for subsequent RNA isolation according to Sigma’s TRI Reagent® Protocol [33].

After isolation, the RNA was reverse transcribed using the SuperScript™ VILO™ cDNA Synthesis Kit (Invitrogen™). qRT-PCR
within the QuantStudio™ 6 Pro Real-Time PCR System (ThermoFisher) was used to quantify the gene expression levels of colla-
gens type I (COL1A1), type II (COL2A1), type X (COL10A1), aggrecan (ACAN), runt-related transcription factor 2 (RUNX2), SRY-box
transcription factor (SOX9), Matrix metalloproteinase 3 and 13 (MMP3, MMP13), Mitochondrially encoded cytochrome C oxidase II
(C0OX2), interleukin 6, 8, and 10 (IL6, IL8, IL10), tumor necrosis factor (TNF), and versican (VCAN) and ribosomal protein lateral stalk
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subunit PO (RPLPO).

Primers and probes for qRT-PCR are listed in Table 2. The gene expression was analyzed using the 2 22T method [34] with RPLPO
as housekeeping gene and relative to day 0 (1 day after seeding and before the first loading). COL1A1 was chosen as a marker of
fibrocartilage, COL2A1, ACAN, SOX9 and VCAN for chondrogenesis, COL10A1, MMP3, MMP13 and RUNX2 for hypertrophy, COX2,
IL6, IL8, IL10 and TNF for inflammation.

2.9. Pellet area quantification

Brightfield images of the pellets within the well plates were taken using a ZEISS Axio Vert.A1 microscope using AxioVision software
(Carl Zeiss). Paint.net (dotPDN, LLC) was used to crop the pellets for later area quantification using ImageJ [35].

2.10. Histology

Pellets were fixed with 10 % (v/v) neutral buffered Formalin solution (Sigma-Aldrich) at room temperature for 24 h, then
transferred to 70 % (v/v) ethanol at 4 °C. To prevent loss of pellets during the embedding the pellets were embedded in 2 % (w/v) wide
range agarose (Sigma-Aldrich) and subsequently processed for embedding in paraffin according to routine protocol. Samples were
sectioned at a thickness of 5 pm. After deparaffinization using xylene and subsequent hydration, sections were stained with Safranin O/
Fast Green (both Sigma) and counterstained with Weigert’s haematoxylin (Merck) following routine protocol.

2.11. Statistical analysis

All statistical analyses and visualizations were conducted using R (4.3.0) within RStudio (2023.6.0.421) [36,37]

To analyze the protein microarray data using principal component analysis (PCA), the obtained values were centered and scaled by
the proteins’ respective standard deviations. The R package PCAtools was used to conduct the PCA [38]. The Venn diagram was
visualized using ggvenn [39].

Significance Analysis of Microarrays (SAM) was employed using the R package samr [40]. After centering the microarray data by
the median, a two-class paired model was used for the weekly pooled targets (ULw2 vs. Lw2, ULw3 vs. Lw3, ULw4 vs. Lw4), with a
minimum fold change of 2 and the « for the false discovery rate set to 0.05.

For the analysis of the pellet experiments, linear mixed models were employed with donor as random effect. Estimated marginal
means were adjusted using the Tukey method. For the linear mixed model, the R packages Imer and ImerTest were used and for the
estimated marginal means, the R package emmeans was used [41-43]. This allows analysis of data sets where some genes are not
detected. Error bars show standard error of mean (SEM).

3. Results
3.1. Mechanical loads increases DNA content

The DNA ratio, consisting of the DNA content of day 28 over day 0 samples, was significantly higher for loaded scaffolds (L)
compared to their unloaded controls (UL) (UL: 0.67 + 0.02; L: 0.91 + 0.04 - Fig. 1).

Table 2
Primers and probe sequences for qRT-PCR.

Gene Forward primer Reverse primer Probe

ACAN 5-AGT CCT CAA GCC TCC TGT ACT CA- 5'-CGG GAA GTG GCG GTA ACA-3' 5'-CCG GAA TGG AAA CGT GAA TCA GAA TCA ACT-3'
3

COL1A1 5'-CCC TGG AAA GAA TGG AGA TGA T- 5-ACT GAA ACC TCT GTG TCC CTT CA-3' 5-CGG GCA ATC CTC GAG CAC CCT -3'
3

COL2A1 5'.GGC AAT AGC AGG TTC ACG TAC A- 5-GAT AAC AGT CTT GCC CCA CTT ACC-3' 5'-CCT GAA GGA TGG CTG CAC GAA ACA TAC-3'
3

COL10A1 5'-ACG CTG AAC GAT ACC AAA TG-3' 5-TGC TAT ACC TTT ACT CTT TAT GGT 5-ACT ACC CAA CAC CAA GAC ACA GTT CTT CAT

GTA-3' TCC-3'

CcOox2 5-TTG TAC CCG GAC AGG ATT CTA TG- 5-TGT TTG GAG TGG GTT TCA GAA ATA-3' 5-GAA AAC TGC TCA ACA CCG GAA TTT TTG ACA A-
3 3

IL6 Assay ID": Hs00174131_m1

L8 Assay ID": Hs00174103_m1

1L10 Assay ID": Hs00961622_m1

MMP3 Assay ID": Hs00968305_m1

MMP13 5'-CGG CCA CTC CTT AGG TCT TG-3' 5-TTT TGC CGG TGT AGG TGT AGA TAG-3' 5'-CTC CAA GGA CCC TGG AGC ACT CAT GT-3'

RPLPO 5'-TGG GCA AGA ACA CCA TGA TG-3' 5'-CGG ATA TGA GGC AGC AGT TTC-3' 5-AGG GCA CCT GGA AAA CAA CCC AGC-3'

RUNX2 5'-AGC AAG GTT CAA CGA TCT GAG 5-TTT GTG AAG ACG GTT ATG GTC AA-3' 5-TGA AAC TCT TGC CTC GTC CAC TCC G-3'
AT-3'

VCAN Assay ID": Hs00171642_m1

2 TagMan™ Gene Expression Assay.
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3.2. sGAG content within scaffolds is increased, yet lower within CM of unloaded controls

After 28 days, L scaffolds retained significantly more sGAG than UL (UL: 3.71 pg/pug+0.09; L: 22.22 pg/ug+2.01 — p < .0001).
Additionally, more sGAG was detected in L scaffolds with time (UL day 0: 1.81 pg/pg+0.06 — Fig. 2A).

Conversely, the sGAG content within pooled CM was significantly higher in UL than in L for both weeks 2 and 4 (Week 2: UL: 9.23
ng/pg+0.64; L: 5.12 pg/pug+0.17, p < .01, Week 4 UL: 8.82 pg/ug+0.42; L: 5.33 pg/pg+0.34, p < .01 - Fig. 2B).

3.3. Protein profile within the CM shows differences within loaded and unloaded samples

97.2 % of the proteins on the 2000 protein microarray were found in the CM of both L and UL samples (Fig. 3). 1.3 % and 1.5 % of
all proteins were found only in L and UL samples, respectively (Fig. 3A). Principal component (PC) 1, which accounted for 56.08 % of
the variation, discriminated between CM from UL and L samples. PC2, which accounted for 27.72 % of the variation, discriminated
between CM of dO samples and samples that were loaded for 2-4 weeks.

Significance analysis of microarray (SAM) revealed 59 targets with higher expression levels for L. CM than UL CM and 120 targets
with higher expression levels for UL CM than L CM.

The complete list can be found in Supplementary Tables 7-1.

Furthermore, selected candidate targets (selection was based on previous study or significance and relevance to this study) are
depicted in Supplementary Fig. 1 and an interactive Shiny app to visualize the entire results can be explored on the following webpage:

https://yannladner.shinyapps.io/TAC-Analysis/?_inputs_&tabs="targets_RB”

3.4. Mechanical load activates TGF-$1

As expected, active TGF-p1 was only detected in L. CM (Supplementary Fig. 2). Additionally, total produced TGF-p1 (latent and
active) was higher in L. CM compared to UL CM for both weeks 2 and 4.

3.5. Effect of CM on pellet area and DNA of MSC and Cho pellets

On day 28, MSC pellets exhibited a significantly smaller area when exposed to CM- (L and UL) compared to CpM- (CpM-: 1.03 mm?>
4 0.1; UL CM-: 0.61 mm? & 0.08; L. CM: 0.77 mm? % 0.12 - CpM-vs. UL CM-: p < .0001, CpM-vs. L. CM-: p < .01 - Fig. 4A). TGF-p1
supplemented pellets show overall a larger area compared to pellets cultured without TGF-f1 (p < .0001). Similar to TGF-f1 free
conditions, the area of MSC pellets was also significantly smaller when exposed to CM + compared to CpM-+ (CpM+-: 2.51 mm? + 0.12;
UL CM+: 1.5 mm? + 0.19; L CM+: 1.81 mm? + 0.11 — CpM-vs. UL CM-: p < .0001, CpM-vs. L. CM-: p < .0001 — Fig. 4B).

In the absence of TGF-f, the DNA content of MSC pellets remained stable among the different conditions (Fig. 4B). When sup-
plemented with 2 ng/mL TGF-p1, CpM + samples demonstrated the highest DNA content over all time points. Addition of conditioned
medium to 2 ng/mL TGF-1 containing samples led to a significant decrease in DNA content for day 7 (CpM+: 0.75 pg + 0.1; UL CM+:
0.53 pg £+ 0.08; L CM+: 0.58 pg + 0.09 — CpM-vs. UL CM-: p < .05, CpM-vs. L CM-: p < .05).

Cho pellets exhibited a larger area for L CM-compared to both UL CM- and CpM- (CpM-: 2.52 mm? =+ 0.09; UL CM-: 2.64 mm? +
0.11; L CM-: 3.24 mm? +0.12 - CpM-vs. L CM-: p < .0001, UL CM-vs. L CM-: p < .0001 - Fig. 5A). A similar trend, albeit insignificant,
was apparent for pellets exposed to 2 ng/mL TGF-p1.

Cho pellets demonstrated the highest DNA content when treated with L. CM+ (Fig. 5B). A significant difference was apparent at day
7 between CpM+ and L CM+ (CpM+: 1.38 pg + 0.05; L CM+: 1.75 pug + 0.16 — CpM-vs. L CM-: p < .05) and at day 21 between CpM+
and L CM+ and UL CM+ and L. CM+ (CpM+: 1.33 pg + 0.08; UL CM+: 1.52 pg + 0.12; L CM+: 1.74 pg + 0.08, CpM+ — CpM + vs. UL
CM+: p < .01, CpM + vs. L CM+: p < .05).
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Fig. 1. DNA ratio (day 28 vs. day 0) of unloaded (UL) and loaded (L) scaffolds. Dashed line indicates a ratio of 1, which constitutes no change in
DNA content between day 28 and day 0. Data from 6 donors. Error bars show SEM. ***p < .001.
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Fig. 2. sGAG content in sample and conditioned medium of unloaded (UL) and loaded (L) scaffolds. (A) sGAG content in day 0 and day 28 samples
normalized to their DNA content. (B) sGAG content secreted into conditioned medium during week 2 and week 4 normalized to the DNA of

respective samples. Conditioned medium from the same donors was pooled by week. Data from 6 donors. Error bars show SEM. **p < .01, ****p
< .0001.
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Fig. 3. Overview of protein microarray data. (A) Venn diagram of proteins detected in conditioned medium in unloaded (UL) and loaded (L)
samples using the protein array. (B) Principal component analysis of conditioned medium from UL and L samples. W = week (e.g Ulw3: unloaded
sample from week 3). DO refers to conditioned medium 24 h after seeding the cells into scaffolds. For each condition, samples were pooled from 6
donors by week for week 2, 3 and 4.

3.6. Effect of CM on sGAG content of pellets

By day 28, addition of 2 ng/mL TGF-p1 lead to an increased sGAG retention compared with CPM pellets at the same time point (p <
.05). In two out of three donors, L. CM led to an increased sGAG/DNA compared to CpM by day 28, however this did not reach sig-
nificance (Fig. 6). The combination of L. CM and 2 ng/mL TGF-f1 led to a decrease in sGAG content within MSC pellets after 7 days
(CpM+: 6.69 pg/pug+1.08; L CM+: 4.45 ug/pg+0.98 — CpM + vs. L CM+: p < .05). This decrease was also apparent on day 28, without
reaching significance. Longer exposure to TGF-p1 supplementation led to higher sGAG retention in all conditions.

Total sGAG content found in the CM of MSCs pellets was significantly higher for UL CM and L CM compared with CPM, with and
without TGF-p1 addition.
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Fig. 4. (A) Pellet area of MSC pellets after 28 days of culture. Small transparent dots show single data points. (B) DNA content per pellet of MSCs
after 7, 14, and 28 days of culture. Data from 3 donors. CpM: chondropermissive medium; UL CM: conditioned medium of unloaded samples; L CM:

conditioned medium of loaded samples. Media either without (0) or with (2 ng/mL) TGF-B1. Error bars show SEM. *p < .05, **p < .01, ****p
< .0001.

(CpM-: 29.93 pg/ug+5.25; UL CM-: 97.17 pg/pg+8.27; L CM-: 90.73 pg/pg+13.03 — CpM-vs. UL CM-: p < .01, CpM-vs. LCM-:p <
.01.

CpM+: 40.15 pg/ug+9.81; UL CM+: 86.92 ng/pg+6.58; L CM+:97.58 pg/ug+8.14 — CpM + vs. UL CM+: p < .01, CpM + vs. L
CM+: p < .001 - Fig. 7).

Within Cho pellets, L. CM resulted in the highest SGAG content on day 14 in the absence of exogenous TGF-p1 (CpM-: 5.98 pg/ug
+0.68; UL CM-: 6.43 pg/pg+0.69; L CM-:13.26 pg/pg+0.44 — CpM-vs. UL CM-: p < .001, UL CM-vs. L CM-: p < .001) and with 2 ng/mL
TGF-p1 (CpM+: 9.61 pg/pg+0.64; UL CM+: 8.56 pg/pg+1.07; L CM+: 11.65 pg/pg+1.48 — UL CM + vs. L CM+: p < .05 - Fig. 8). Over
the course of the experiment, SGAG content within the Cho pellets increased (day 7 vs. day 21).

Total sGAG content found in the CM of Cho pellets was significantly higher for UL CM- and L. CM-compared to CpM-without TGF-$1
supplementation (CpM-: 5.46 pg/pug+0.41; UL CM-: 18.1 pg/pg+1.83; L CM-: 23.04 pg/pg+0.98 — CpM-vs. UL CM-: p < .01, CpM-vs. L
CM-: p < .001, UL CM-vs. L. CM-: p < .05) and with 2 ng/mL TGF-p1 supplementation (CpM-: 9.45 pg/pg+0.41; UL CM-: 20.97 ug/ug
+0.59; L CM-: 23.84 pg/pg+0.23 — CpM + vs. UL CM+: p < .0001, CpM + vs. L CM+: p < .0001, UL CM + vs. L CM+: p < .05 - Fig. 9).

sGAG content in CM was also significantly higher for L. CM compared to UL CM, with and without TGF-p1 addition.

3.7. Effect of CM on sGAG deposition in MSC pellet

Safranin O Fast Green staining only showed positive staining for sGAG for MSCs with TGF-f1 supplementation (Supplementary
Fig. 5). For Cho, no difference was apparent between either group (with and without TGF-f1, Supplementary Fig. 6).

3.8. Effect of CM on gene expression of pellets

For MSC pellets without TGF-$1, there was a trend towards highest COLIA1 expression for L. CM over the different time points
(Fig. 10). For MSC pellets supplemented with 2 ng/mL TGF-f1, adding CM (UL CM+ and L CM+) significantly increased COL1A1
expression for day 14 (CpM + vs. UL CM+: p < .05, CpM + vs. L CM+: p < .05), though no trend was apparent. SOX9 expression was in
general lower for UL CM than L CM, although not statistically significant. For TGF-p1 supplemented MSC pellets, SOX9 and RUNX2
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chondropermissive medium; UL CM: conditioned medium of unloaded samples; L. CM: conditioned medium of loaded samples. Media either without
(0) or with (2 ng/mL) TGF-p1. Error bars show SEM. *p < .05.
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Fig. 7. Total sGAG content secreted by MSC pellets after 28 days of culture normalized to their respective DNA content. Data from 3 donors. CpM:
chondropermissive medium; UL CM: conditioned medium of unloaded samples; L. CM: conditioned medium of loaded samples. Media either without
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Fig. 8. sGAG content of Cho pellets after 7, 14, and 21 days of culture normalized to their respective DNA content. Data from 3 donors. CpM:
chondropermissive medium; UL CM: conditioned medium of unloaded samples; L. CM: conditioned medium of loaded samples. Media either without
(0) or with (2 ng/mL) TGF-B1. Error bars show SEM. *p < .05, ***p < .001.

expression in UL CM+ was significantly lower than in CpM + on day 28 (CpM + vs. UL CM+: p < .05). MSC pellets without exogeneous
TGF-f1 showed a clear trend towards higher MMP13 expression for CM-samples vs. CpM-, culminating with the highest fold change for
L CM-at day 28, which was significantly higher than UL CM- and CpM-for the same time point (CpM-vs. L CM-: p < .01, UL CM-vs. L
CM-: p < .05).

More differences were seen in different conditions without TGF-p1 for COL2A1, COL10A1 and ACAN (Supplementary Fig. 3). For
TGF-B1-free conditions, COL2A1, ACAN and COL10A1, gene expression was the highest for all time points for groups with L. CM.

No trends were apparent for TGF-B1 supplemented MSC pellets for COL2A1, COL10A1, and ACAN.

For Cho pellets supplemented with 2 ng/mL TGF-p1, COL1A1 was significantly lower for L. CM + compared to both CpM+ and UL
CM + on day 14 (CpM + vs. L CM+: p < .05, UL CM + vs. L CM+: p.05 — Fig. 11). For COL10A1, L. CM-was significantly higher than
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CpM- and UL CM-on day 14 without TGF-p1 (CpM-vs. L CM-: p < .05, UL CM-vs. L. CM-: p < .05), whereas with TGF-f1 supple-
mentation, the expression was significantly lower on day 14 for L CM + compared to CpM+ (CpM + vs. L CM+: p < .05). ACAN
expression was significantly higher for L CM + compared to CpM + on day 7 for TGF-$1 supplemented samples (CpM + vs. L CM+: p <
.05). L CM- resulted in a significantly higher MMP13 expression compared to CpM- and UL CM-on day 21 without TGF-p1 addition
(CpM-vs. L CM-: p < .001, UL CM-vs. L. CM-: p < .001). VCAN expression was significantly higher in TGF-p1 supplemented samples on
day 14 for L CM + compared to UL CM+ (p < .05) and day 21 for L CM + compared to CpM+ (p < .05).

For Cho pellets without TGF-f1 supplementation, COL2A1 expression appeared to increase from CpM-to UL CM-to L CM-
(Supplementary Fig. 4). This was not exactly the case for the samples with TGF-f1 addition, however, L. CM + appeared to result in the
highest expression. The values for IL6 appeared to be the lowest for L. CM, irrespective of TGF-p1 supplementation.

3.9. CM from loaded samples decreases T cell proliferation

Exposure of activated T cells to L. CM from week 2 (L_w2) significantly decreased the division index compared to UL CM (UL_ w2 —p
< .05- Fig. 12). TGF-p1 immunoprecipitation did not affect this result.

4. Discussion

MSC secretome can be used to exert therapeutic effects, including immunomodulation and differentiation [17-20,44]. However,
the exact mechanism and the responsible factors remain unclear. It is known that factors such as inflammation can affect secretion,
thus we hypothesize mechanical loading of MSCs to play a role as well [45]. We previously showed our bioreactor system mechanically
activated TGF-B1, a key protein in driving MSC chondrogenesis [14]. Additional factors affecting chondrogenesis, angiogenesis or
immunomodulation were also detected using a small protein microarray [16]. It is therefore highly likely that many other soluble
proteins within the CM are differentially expressed when exposing MSCs to mechanical stimulation.

The main aim of the study was to address changes observed in secretome driven by the MSCs response to of joint-mimicking multi-
axial load alone. An additional group containing exogenous TGF-p1 was added to assess whether the presence of active TGF led to a
modified response. As we have previously shown that 10 ng/mL exogenous TGF- 1 interfered with MSC response to load, we used a
lower dose of 2 ng/mL, which still leads to chondrogenesis as seen in the data presented here. After analyzing the CM using a 2000
protein array, we investigated the effect of the CM on MSC and Cho chondrogenic behavior, and on cells from joint-associated tissues,
namely T cells.

While most of the proteins could be detected in the CM of both L and UL MSCs, PCA clearly showed differences between both groups
(Fig. 3). The first principal component separated the samples by load, the second component separated between day 0 samples (1 day
exposure to cells) and CM that had been in contact with cells for more than 1 day (pooled CM from week 2, 3 and 4). Additionally, SAM
revealed 179 protein targets that were significantly different when comparing L. CM vs. UL CM (Supplementary Tables 7-1).

In the only other similar study, we conducted a shorter-term experiment within a bioreactor and compared UL CM with L CM [16].
There, L. CM showed significantly higher abundance of various proteins, such as activated leukocyte cell adhesion molecule (ALCAM),
c-c motif chemokine ligand 7 and 20 (CCL7 and CCL20), c-x-c motif chemokine ligand 13 (CXCL13), macrophage migration inhibitory
factor (MIF), MMP13 and vascular endothelial growth factor A (VEGFA) compared to UL CM on day eight of culture. The inverse was
the case for CXCL1, CXCL2 and CXCL3. The present study showed comparable trends, but SAM revealed only significant differences for
CXCL13, CXCL1, MMP13 and VEGFA (Supplementary Fig. 1). Non-significance could however be attributed to the fact that we used a
different analysis method with pooled CM from different weekly time points. In fact, our array data shows that the abundance for
various proteins can vary bi-directionally among the different weekly pooled samples.

Only L CM (and day 0 CM) showed integrin -6 secretion (Supplementary Fig. 1)., indicative of TGF-f1 activation via matrix-latent
TGF-f complex interactions [46-48]. Interestingly, integrin p-6 was also increased at day O, possibly due to cellular stress during
scaffold seeding, such as trypsinization. This integrin is upregulated in conditions like lung injury [49] and is linked to increased oV
integrin expression, forming a complex regulatory cycle [50].

As expected from previous experiments [25], loaded samples showed higher amounts of sGAG within the constructs, while less
SGAG was detected in the CM (Fig. 2). We hypothesize that a negative feedback loop decreases sGAG production if there is sufficient
amount of sGAG within the pericellular matrix.

Addition of exogenous TGF-p1 during in vitro chondrogenesis is considered to be the gold standard to assess chondrogenic potential
of MSCs. However, the classically used dose of 10 ng/mL is supraphysiological and has been shown to be a powerful stimulus that
masks synergistic effects, such as mechanical stimulation [14]. To increase the potential to identify relevant effects of secretome on cell
phenotype, we reduced the dose to be closer to physiological conditions [51].

TGF-p1 supplementation of MSC pellets has been shown to increase the size of the pellet by increasing the pericellular matrix [52].
We observed an increase in pellet area in MSCs exposed to TGF-p1 (Fig. 4). Conversely, no such effect was visible for Cho (Fig. 5). In
general, the area of MSC pellets was significantly decreased for samples subjected to CM, as opposed to CpM. This was the case with
and without TGF-p1 supplementation. On the other hand, in TGF-$1-free Cho pellets, L. CM significantly increased the pellet area,
compared to both UL CM and CpM (Fig. 5). This indicates that the influence of CM on chondrogenesis is different from its effect on
chondrogenic maintenance.

Interestingly, UL and L. CM decreased DNA content in TGF-$1 supplemented MSC pellets after 7 days compared to CpM (Fig. 4). For
the remaining groups and time points, the DNA content appeared quite stable. We expected an increase in DNA content for TGF-$1
supplemented MSC pellets, as seen in a study by Futrega et al. [52]. However, another study has shown that there is little effect from
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Fig. 11. PCR data of Cho pellets after 7, 14, and 21 days of culture. CpM: chondropermissive medium; UL CM: conditioned medium of unloaded
samples; L. CM: conditioned medium of loaded samples. Media either without (0) or with (2 ng/mL) TGF-$1. ND = Not Detected. Error bars show
SEM. *p < .05, ***p < .001.

supplementation of another TGF-f isoform on DNA content over time [53]. The DNA content of Cho pellets remained unaffected if not
supplemented with TGF-p1. However, the addition of 2 ng/mL TGF-p1 to L CM showed a synergistic effect at day 21 (Fig. 5).

Unsurprisingly, exogenous TGF-p1 dramatically increased MSC pellet sSGAG content by D28 compared to TGF-p1 free samples at the
same time point (p < .05), as previously shown [52]. For Cho, sGAG retention increased for L. CM, with and without TGF-p1 sup-
plementation at day 14, suggesting a constituent within L. CM is able to increase matrix deposition (Fig. 8).

SGAG secreted into the CM of both MSC (Fig. 7) and Cho pellets (Fig. 9) was significantly higher for UL CM and L. CM when
compared to CpM alone (p < .01 or greater). This is potentially due to the SGAG that was already present in the CM added to the CpM in
1:1. The highest sGAG amount would have been expected for UL CM, as more sGAG was detected in CM from the scaffolds that were
not loaded. Yet, more sGAG was detected in media conditioned by MSC and Cho pellets exposed to L. CM (Figs. 7 and 9), indicative of
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Fig. 12. Division index of T cells after activation with and without TGF-p immunoprecipitation. Exposure to pooled conditioned medium from week
2 to unloaded samples (UL_w) and loaded samples (L_w2). *p < .05.

increased production in cells exposed to L CM.

In the absence of TGF-f1 supplementation, expression of MMP13 in MSC pellets was low. Exposure to L. CM significantly increased
MMP13 expression by day 28 (Fig. 10). Additionally, TGF-p1 supplementation alone increased MMP13 expression, resulting in no
effect on expression due to load. Similarly, Cho in the absence of TGF-p1 with L. CM led to a significant increase in MMP13 by 21 days
(Fig. 11). MMP13 is typically involved in ECM remodeling and is widely associated with hypertrophic differentiation often in the
context of MSC [54], which suggests an unstable chondrogenesis. Furthermore, In the absence of TGF-p1, L. CM led to an increase in
COL10A1 expression on day 14. Conversely, the addition of 2 ng/mL TGF-f1 led to decreased COL10A1 expression in the L CM group at
the same time point.

In summary, TGF-p1-free L CM appeared to lead to a trend towards strongest chondrogenic phenotype for both MSC and Cho.
However, the chondrogenic gene expression in TGF-p1-free L CM-was not strong enough for it to be reflected in histology.

To investigate the effect of the MSC secretome on the immune system, a T cell proliferation experiment was performed, as T cells
have been shown to be suppressed by TGF-p1 [55,56]. Moreover, it has been shown that exposing MSCs to pro-inflammatory cytokines
such as interleukin 1 beta (IL-1p) and tumor necrosis factor (TNF-a) generates a T cell proliferation-suppressive secretome [57]. Since L
CM showed increases in pro-inflammatory cytokines IL-18 and TNF-a, we investigated whether joint-mimicking mechanical loading
was sufficient to elicit a similar response [58]. In our experiment, activated T cells that were exposed to L. CM from week 2 decreased
their division index (Fig. 12). However, TGF-p immunoprecipitation did not restore the reduced division index, thus, this effect is not
directly mediated by TGF-f. Protectin (CD59) could play a role in this process, as protectin has been shown to downregulate T cell
activity in vivo [59] and L CM showed a higher abundance of CD59 compared to UL CM (Supplementary Fig. 1). Another factor that has
been reported to have T-cell-suppressive function is Charcot-Leyden crystal galectin (CLC) [60]. SAM showed that this factor was
significantly more abundant in L. CM and UL CM (Supplementary Fig. 1).

In this follow-up study to Gardner et al. [16], we examined how mechanical stimulation affects MSC secretory function, rather than
its direct impact on MSC chondrogenesis. Understanding these effects could reveal how MSC secretome influences progenitor cell
differentiation, immune regulation, and cartilage healing. Insights into the chondro-regenerative potential of mechanically loaded
MSC secretome could lead to the development of off-the-shelf, acellular therapeutic products with advantages in storage, handling, and
shelf-life [61].

Overall, conditioned media decreased MSC DNA content and pellet size, while increasing sGAG release into the media. Conversely,
L CM increased Cho pellet size and, in the presence of exogenous TGF-p1, increased DNA content. L CM also increased sGAG/DNA and
secreted SGAG in Cho pellets. This would indicate that the secretome of mechanically loaded MSCs may be more beneficial in inducing
arepair response in resident chondrocytes, rather than enhancing direct MSC chondrogenesis. The additional benefit of reducing T cell
activation may further improve healing by reducing local inflammation.

Our data underscore the secretome’s potential and complexity. In vitro models like ours isolate the secretome from the complex in
vivo environment to study mechanical stimulation effects. Future research will focus on concentrating the secretome and exploring
other joint-related processes, such as angiogenesis. Understanding how mechanical loading modulates the secretome could inform
treatment strategies for traumatic cartilage injuries, potentially reducing the health costs associated with post-traumatic osteoarthritis.

5. Limitations of the study

This study has certain limitations, such as the sample size, which is especially problematic in very heterogeneous cell populations
such as MSCs [62,63]. The donors might react differently to any stimulus, which impedes detection of significant trends with standard
statistical approaches. Also, magnitude of change does not always coincide with biological relevance and therefore, setting the fold
change limit at 2 for the SAM might have obfuscated potentially relevant effects [64]. The CM was pooled from different donors and
time points to obtain a larger volume and to reduce treatment groups. However, this might have masked donor-specific and
time-specific effects. We supplemented the CM 1:1 with CpM to refresh the final CM with nutrients that had been depleted during MSC
culture within the scaffolds. Consequently, the effect of the secretome might have been diluted even further. Perhaps, concentrating
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the CM before diluting would have been an option, as was shown by Chen et al. [65] Trends towards chondrogenesis were apparent in
both gene and protein expression. However, the findings did not translate into histology, potentially due to the low concentration of
the secreted proteins and the poor retention of matrix products by fibrin. Finally, this microarray only shows the secretion of 2000
pre-selected targets and not all possible targets and the proteins only reflect a small part of the entire secretome, which also contains
lipids, nucleic acids and extracellular vesicles that exert their own effects [66]. Another weakness of this study is that the ethics
permission does not provide information on possible comorbidities (e.g. osteoarthritis) of the MSC donors, which could affect the
results.
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