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Implantation of chondrogenically differentiated mesenchymal stromal cells (MSCs) leads to bone formation in vivo
through the process of endochondral ossification. The use of allogeneic MSCs for this purpose may be a promising
new approach to replace the current gold standard of bone regeneration. However, the success of using allogeneic
cells depends on the interaction between the implanted cells and the host’s endogenous immune cells. Th17 T cells
and other CD4 helper T cell subtypes have been shown to negatively impact chondrogenesis, however, it is unclear
how the interaction between these cells affects bone regeneration mediated by these cells. The aim of the current
work was to assess the effect of chondrogenic MSC pellets on Thl, Th2, Th17, and regulatory T cells in vitro.
Human MSCs were nonchondrogenic (<TGFf3) and chondrogenically (+TGF3) differentiated for 7 or 21 days.
Memory T cells (sorted from the CD4 population of peripheral blood mononuclear cells [PBMCs]), as well as total
PBMCs were cocultured with allogeneic nonchondrogenic and chondrogenic MSC pellets for 3 days. Seven-day
differentiated allogeneic nonchondrogenic and chondrogenic MSC pellets that were cocultured with memory
T cells resulted in a significant increase in Th2 and a decrease in Th1 T cells. Furthermore, the co-culture of 21-day
differentiated nonchondrogenic and chondrogenic MSC pellets with memory T cells resulted in a significant
increase in Th2 and Th17 T cells, as well as a decrease in Thl and regulatory T cells. Interleukin (IL)-6 was
identified as a predominant cytokine involved in this interaction between allogeneic chondrogenically differentiated
MSC pellets and memory CD4 T cells, with high levels of IL-6 being secreted in the supernatants of this cocultured
condition. The findings of this study highlight the potential of chondrogenically differentiated MSC pellets to alter
the ratio of Thl and Th2 as well as Th17 and regulatory T cell subsets. Additional analysis investigating bone
formation by chondrogenically differentiated MSCs in an allogeneic setting may identify a novel role of these
T cell subsets in bone regeneration processes mediated by chondrogenically differentiated MSCs.
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Impact Statement

Allogeneic mesenchymal stromal cells (MSCs) have the potential to be an off-the-shelf treatment for bone repair. However,
the lack of knowledge of the immune cells involved in this process has hampered the progression to the clinic. The current
study has shown that allogeneic chondrogenic MSCs have the potential to skew the ratio of specific helper CD4 T cell
subsets in vitro. This has now provided insight for future in vivo experiments to investigate the role of these T cell subsets in
the early stages of bone regeneration mediated by allogeneic chondrogenic MSCs.

Introduction cation.'™ Before implantation, MSCs are primed with
transforming growth factor beta (TGFp) to induce chon-

MPLANTATION OF CHONDROGENICALLY differentiated drogenesis. Without TGFf, these nonchondrogenic MSCs
mesenchymal stromal cells (MSCs) leads to bone for- do not form bone in vivo.* The potential of using allogeneic
mation in vivo through the process of endochondral ossifi- MSCs for this purpose would lead to the exciting opportunity to
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develop an off-the-shelf treatment for bone repair. Under-
standing the immune cells potentially interfering with the ability
of allogeneic chondrogenic MSCs to regenerate bone will de-
termine the progression of this potential treatment to the clinic.

Previously, we have demonstrated that allogeneic non-
chondrogenic and chondrogenic MSCs do not affect the
proliferation of CD4 or CD8 T cells.’ The findings of this
study highlight that chondrogenically differentiated MSCs are
nonimmunogenic in terms of T cell proliferation and are
therefore not expected to induce detrimental immune re-
sponses in vivo. However, the specific T cell subsets involved
in the process of bone regeneration mediated by chondro-
genic MSC:s still needs to be identified. Additionally, further
understanding of the immune responses toward chondrogenic
bone-forming MSCs and nonchondrogenic nonbone-forming
MSCs and how these responses may differ, may identify
immune cell subsets involved in bone forming processes
mediated by chondrogenic MSCs.

CD4 T lymphocytes and their cytokines have been pre-
viously shown to affect bone regeneration mediated by un-
differentiated allogeneic MSCs.>’ Activation of CD4 T cells
by antigen-presenting cells, such as dendritic cells, induces
their differentiation from naive T cells into their effector
subsets (T-helper [Th] 1, Th2, Th17, and regulatory T cells).
Specific chemokine receptor markers allows the identifica-
tion of the different subsets and are as follows: Thl
(CCR6—-CCR4—CXCR3+), Th2 (CCR6—CCR4+CXCR3-),
Th17 (CCR6+CCR4+CXCR3-), and regulatory T cells
(CD4+CD25ME"CD127"°"FoxP3+).® Furthermore, the CD4
T cell subsets can be further discriminated by their cytokine
expression. Thl cells are known to predominately secrete
interferon gamma (IFNYy), whereas Th2 cells secrete inter-
leukin (IL)-4, IL-5, and IL-13.°7'2 IL-17A, IL-17F, and IL-
22 are the signature cytokines produced by Th17 cells,'*™'?
whereas IL-10 has been shown to be secreted by regulatory
T cells in order for them to induce their anti-inflammatory
role in the immune system.'®'” Th17 cells and their related
cytokines have been shown to play a role in disrupting joint
homeostasis in inflammatory diseases.'®'” The combined
expression of TGFP and IL-6 results in the differentiation of
Th17 cells.?° Particularly in rheumatoid arthritis (RA),
IL-17 secretion by these Th17 cells has been shown to neg-
atively impact matrix production by chondrocytes and oste-
oblasts in the joint.ZI Furthermore, IL-17 has been shown to
induce receptor activator of nuclear factor kappa-B ligand
expression by osteoblasts leading to osteoclastogenesis and
bone destruction.”>>* While Th17 cells and their associated
cytokines have been shown to induce bone destruction in RA,
in other inflammatory diseases such as ankylosing spondyli-
tis, IL-17 may be involved in the induction of ectopic bone
formation.?’ Therefore, it is possible that these cells and as-
sociated cytokines could be altered by chondrogenic MSCs to
generate bone in vivo.

Few studies to date have investigated Th17 cells and
MSC-mediated bone regeneration. In a study by Liu et al.,
proinflammatory T cells (including Thl17 cells) inhibited
bone regeneration mediated by undifferentiated MSCs, while
regulatory T cells were shown to inhibit these T cell re-
sponses to allow MSC-mediated bone regeneration to occur.®
In contrast, IL-17 has been shown to enhance osteogenic
differentiation of bone marrow-derived MSCs in vitro.?*®
In vivo studies investigating the effect of IL-17 on bone

repair have been somewhat contradictory, however it is evi-
dent that the effect of IL-17 depends on the origin of the cells
for the bone repair.’**° Th17 cells and other CD4 T cell
subsets have been shown to negatively impact MSC-mediated
chondrogenesis3l’34; however, it is unclear how interactions
between these cells may affect bone regeneration mediated by
MSCs. Therefore, the main aim of this study was to assess the
effect of chondrogenically differentiated MSCs on the dif-
ferentiation of naive CD4+ T cells and the ratio of different T
helper memory subsets in vitro. Furthermore, the effect of
allogeneic nonchondrogenic (nonbone-forming) and chon-
drogenic (bone-forming) MSCs on these CD4+ T cell subsets
was compared. The results from this in vitro study could give
indications whether and which of the Th subsets are poten-
tially involved in the early stages of bone regeneration me-
diated by allogeneic chondrogenic MSCs.

Materials and Methods
Isolation and expansion of human bone marrow MSCs

Human adult bone marrow MSCs (A-MSCs) were ob-
tained from heparinized femoral-shaft marrow aspirates of
patients (32—78 years) undergoing total hip arthroplasty (with
informed consent after approval by Erasmus MC Medical
Ethics Committee protocol METC-2004-142). Using a sterile
Jamshidi needle, 5-10mL of bone marrow was harvested
into sterile 10-mL syringes containing 0.5mL of heparin
(1000 U/mL). Heparinized aspirates were seeded at a density
of 30-100x 10° mononuclear cells per T175 flask in 25 mL
of standard MSC medium consisting of minimum essential
medium alpha («-MEM) (Invitrogen, Carlsbad, CA) sup-
plemented with 10% heat-inactivated fetal calf serum (FCS;
Gibco, The Netherlands, selected batch), 50 pg/mL genta-
micin, 1.5 pg/mL fungizone (All Invitrogen), 1 ng/mL fibro-
blast growth factor-2 (Instruchemie B.V., Delfzijl, The
Netherlands) and 0.1 mM of L-ascorbic acid 2-phosphate
(Sigma-Aldrich, MO). Cells were washed three times with
phosphate-buffered saline (PBS) +2% FCS 24 h after seeding
to remove nonadherent cells and erythrocytes. A-MSCs were
cultured at 37°C under humidified condition and 5% CO,.
Cells from the third to fourth passage were used for A-MSC
pellet cultures. Human pediatric MSCs (P-MSCs) were used
in the second set of experiments. Our group has recently
shown P-MSCs to be a more potent MSC source resulting in
higher chondrogenesis.>> P-MSCs were isolated from surplus
iliac crest material of pediatric patients (9-13 years old)
undergoing cleft palate reconstruction surgery. The use of
this surplus material was ethically approved (MEC-2014-16).
The bone chips were washed with standard MSC medium.
Once the bone chips were clear of cells, the medium was
transferred to T75 flasks in a total of 10 mL per flask. Cells
were washed twice with supplemented medium 24h af-
ter seeding to remove nonadherent cells and erythrocytes.
P-MSCs were cultured at 37°C under humidified condition
and 5% CO,. Cells from the third to fourth passage were
used for P-MSC pellet cultures. A full characterization of the
A-MSCs and P-MSCs can be found in our previous work.*

Chondrogenic differentiation of MSCs

MSCs were detached using 0.05% trypsin and added
to 15mL polypropylene tubes (Sarstedt) at a density of
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0.2x10° cells in 0.5 mL of standard chondrogenic medium
consisting of high-glucose Dulbecco’s modified Eagle’s
medium supplemented with 50 mg/mL gentamicin, 1.5 mg/
mL fungizone, 100 mM sodium pyruvate (Sigma-Aldrich),
1:100 ITS (BD Biosciences), L-ascorbic acid 2-phosphate,
10ng/mL TGF-B3 (PeproTech), and 100nM dexametha-
sone (Sigma-Aldrich). Cells were differentiated for 7 days
(A-MSCs) or 21 days (P-MSCs) (as indicated in figures)
with TGFB3 (chondrogenically differentiated) or without
TGFB3 (nonchondrogenically differentiated), refreshing the
medium every 3 or 4 days.

Histological analysis of human MSC pellets
before coculture

Nonchondrogenic and chondrogenically differentiated
MSC pellets were harvested before coculture to assess the
level of chondrogenesis. The pellets were washed in PBS
and then fixed in 4% formalin for 1h at room temperature.
Following fixation, pellets were embedded in 3% agarose,
processed, and embedded in paraffin. Sectioned slides (5 pm
sections) were deparaffinized through alcohol series (xylene,
100% ethanol, 96% ethanol, 70% ethanol) and rinsed twice
in distilled water. Sections were stained for Smin with
0.04% thionine in 0.01 M aqueous sodium acetate (pH 4.5)
followed by differential staining in 70% ethanol (+10s),
96% ethanol (£305s), and 100% ethanol (1 min).

Isolation of peripheral blood mononuclear cells

Peripheral blood mononuclear cells (PBMCs) were iso-
lated from buffy coats of healthy male blood donors (San-
quin Bloedvoorziening, Rotterdam, The Netherlands).
Peripheral blood was transferred into 50-mL falcon tubes
and gently inverted to mix. Samples were centrifuged at 388
g for 7 min to remove the top layer of plasma. Wash medium
(RPMI-1640 medium containing 1.5 pg/mL fungizone,
50 pg/mL gentamicin) was added to the remaining periph-
eral blood in a 1:1 dilution and samples were carefully di-
vided into 50-mL filter falcon tubes containing Ficoll-Paque
PLUS (density 1.077 g/mL; GE Healthcare, Uppsala, Swe-
den) and centrifuged without the brake at 690 g for 20 min.
Plasma was carefully removed and discarded, and the re-
maining layers above the filter were transferred to a new
50-mL falcon tube and washed with medium. Samples were
then centrifuged at 835 g for 7min using the brake. The
supernatant was carefully removed, and the pellet was re-
suspended in wash medium followed by centrifugation at
690 g for 5Smin. Following three washes, cells were re-
suspended in RPMI-1640 medium consisting of 1% Gluta-
MAX (Life Technologies), 1.5 pg/mL fungizone, 50 pg/mL
gentamicin, and 10% FCS (batch tested for optimal viability
and survival of PBMCs) and a cell count was performed.
Cells were stored in liquid nitrogen until needed for human
MSC (hMSC) pellet cultures in complete RPMI-1640 me-
dium and 10% dimethylsulfoxide.

Naive and memory T cell sort and coculture

PBMCs were thawed from liquid nitrogen and CD4
T cells were separated using the MACS CD4+ T cell Iso-
lation Kit (Miltenyi Biotech) according to the manufactur-
er’s instructions. Briefly, 500x 10° PBMCs were incubated
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with 500 u. CD4+ MicroBeads (Miltenyi, Biotech) for
20 min in the dark at 4°C, followed by washing the cells and
resuspending them in running buffer (PBS with 0.5% bovine
serum albumin [Sigma] and 2 mM EDTA [Gibco]). Subse-
quently, magnetically labeled cells were applied on a col-
umn (LS column) and placed in a MidiMACS Separator
(All Miltenyi Biotech). The CD4+ fraction was collected
following removal of the column from the MidiMACS
Separator. Cells were sorted based on anti-CD4 FITC
(BioLegend), anti-CD45RO PerCP.Cy5 (BD Biosciences),
anti-CD25 PECy7 (BioLegend) and DAPI (Life Technolo-
gies) on the BD FACS ARIA II. Unsorted PBMCs, Naive T
cells, and memory T cells (all stimulated with anticluster of
differentiation 3 [CD3] and anti-CD28 [1 mg/mL, 1pL/106
cells] and a goat linker antibody [0.5 mg/mL, 2 uL/10° cells]
all from BD Biosciences) were cocultured with non-
chondrogenic and chondrogenically differentiated MSCs in
1.5-mL polypropylene tubes (Sarstedt) for 3 days in supple-
mented RPMI-1640 medium.

Characterizing lymphocytes from the coculture
using flow cytometry

Lymphocytes in suspension from cocultures with non-
chondrogenic and chondrogenically differentiated MSC pellets
were harvested and transferred to fluorescence-activated cell
sorting (FACS) tubes. Lymphocytes were washed with FACS
buffer and centrifuged at 689 g for 5 min. The cells were re-
suspended in 25 pLL of FACS buffer containing anti-CD4 FITC,
anti-CD45 Pe-CF594 (BD Biosciences), anti-CD45RO
PerCPCy5.5, CCR6 PE (BD Biosciences), CCR4 APC
(BioLegend), CXCR3 BV421 (BioLegend), and incubated
for 15min at room temperature in the dark. Samples were
washed once with FACS buffer (689 g for 5 min), followed by
a wash with PBS (689 g for 5 min). Cells were incubated with
a Fixable Viability Dye (eBioscience) for 30 min at 4°C.
Samples were washed once with PBS followed by a 10-min
incubation with 2% paraformaldehyde in PBS at room tem-
perature in the dark. Finally, cells were washed twice with
FACS buffer (689 g for 5 min) and analyzed on the BD LSRII
flow cytometer. To identify regulatory T cell populations,
cells were permeabilized and stained using an anti-human
FoxP3 APC Staining Kit (eBioscience) and stained for CD3
(FITC), CD4 (PerCP), CD25 (PeCy7), and CD127 (PE; BD
Biosciences). These samples were resuspended in 200 pL. of
FACSFlow and analyzed using flow cytometry.

Cytokine measurements in supernatants
from coculture

Supernatants from cocultures were centrifuged at 690 g
for 10min and stored at —80°C before analysis. Levels
of IL-17A, IL-17F, IL-4, IL-6, IL-10, and IFNy were de-
termined in the supernatants from cocultures using enzyme-
linked immunosorbent assays (ELISA; All eBioscience).
The measurements were performed and calculated accord-
ing to the manufacturer’s instructions.

Quantitative real-time reverse transcription/
polymerase chain reaction

A portion of the lymphocytes (~1x 107 cells) from co-
cultures were removed, washed with PBS, and resuspended
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in TRIzol reagent (Thermo Scientific). Similarly, non-
chondrogenic and chondrogenically differentiated hMSC
pellets were removed from the coculture, washed with PBS,
and crushed in TRIzol reagent. RNA was isolated from all
samples using the RNeasy Mini Kit (Qiagen). cDNA was
synthesized from the isolated RNA using the First-Strand
cDNA Synthesis Kit (Thermo Scientific) and used for
quantitative real-time polymerase chain reaction (qRT-
PCR). Quantitative gene expression was determined using
TagMan Universal PCR Master Mix for specific genes
within the pellets SRY (sex-determining region Y)-box 9
(SOX9), matrix metalloproteinase (MMP)-1, and MMP-13.
TagMan assays-on-demand were used to assess the quanti-
tative gene expression of the immune-related genes CD3
(Hs00167894_m1) within both the lymphocytes and the MSC
pellets from the coculture. For the genes IL-6 and IL-10,
gPCR Mastermix Plus for SYBR Green I—dTTP (Euro-
gentec) was used. Gene expression levels were normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
relative expression calculated using the 2-*CT method. All
gene sequences can be found in Table 1.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
v.5 using a Repeated measures ANOVA with Bonferroni
posttest. Values are presented as mean * standard deviation.
n=3 PBMC donors with one hMSC donor, where p <0.05
was considered statistically significant.

Results

Both allogeneic nonchondrogenic and chondrogenic
A-MSC pellets induced an increase in the percentage
of Th2 cells in unsorted PBMCs

To assess the effect of nonchondrogenic and chondrogenic
A-MSC pellets on the differentiation of CD4 T cell subsets,
A-MSCs were differentiated with and without TGFB3 for
7 days. Following 7 days of differentiation, both non-
chondrogenic (-TGF3) and chondrogenically differentiated
(+TGFP3) A-MSCs were cocultured with unsorted PBMCs
for 3 days. Thionine staining performed on A-MSC pellets
confirmed that A-MSCs cultured in the presence of TGFp3
were chondrogenic (Supplementary Fig. S1). Both allogeneic
nonchondrogenic and chondrogenically differentiated A-MSCs
induced an increase in the percentage of Th2 cells compared
with PBMCs alone (21.7%+6.1% vs. 34.9% t4.4% and
34.2% +4.1%, respectively) (Fig. 1A (ii)). Although there
was a trend toward a decrease in the percentage of Thl cells,

this was not statistically significant (16.7% £ 0.7% vs. 13.4% %
1.8% and 13.7% % 1.1%) (Fig. 1B (i)). No effect was found on
Th17 cells cocultured with either allogeneic nonchondrogenic
or chondrogenically differentiated A-MSC pellets (13.5% %
2.1% vs. 11.2+£1% and 10.7% +3%) (Fig. 1B (iii)). CD8+
T cells were not affected in unsorted PBMCs by allogeneic
nonchondrogenic or chondrogenic A-MSC pellets (Fig. 1B
(iv)). Furthermore, there were no differences in the percentage
of naive/memory CD4 T cells in total PBMCs with or without
MSC pellet (data not shown). Importantly, there was no dif-
ference between nonchondrogenic or chondrogenically dif-
ferentiated A-MSCs on the CD4+4+ Th subsets in unsorted
PBMCs.

Allogeneic nonchondrogenic and chondrogenic A-MSC
pellets do not affect naive CD4 T cell differentiation,
but significantly change the ratio of Th1/Th2 cells

in memory T cells

The effect of allogeneic chondrogenic A-MSC pellets on the
differentiation of CD4 T cell subsets was further assessed us-
ing naive or memory CD4+ T cells. CD4+ T cells were sorted
from PBMC:s and further purified for naive (CD4+CD45R0O-)
or memory (CD4+CD45RO+) T cell subsets (Supplementary
Fig. S2). Allogeneic nonchondrogenic and chondrogenic A-
MSC pellets that were differentiated for 7 days were then
cocultured with the sorted naive T cells. CD8 T cells were not
detected in any of the sorted samples, demonstrating suc-
cessful sorting of the CD4 T cell population (data not shown).
Furthermore, memory T cells highly expressed CD45RO in
comparison to naive T cells demonstrating successful sorting
of both of these cell types (Supplementary Fig. S3). A trend
toward a decrease in Thl cell differentiation was found in
naive T cells cultured with allogeneic nonchondrogenic and
chondrogenic A-MSC pellets (17.1% £13.1% vs. 6% £3.7%
and 7.7% £ 2.9%), however, this was not significant (Fig. 2A
(1)). No effect on Th2 cell differentiation was found in naive T
cells cocultured with allogeneic nonchondrogenic and chon-
drogenic A-MSC pellets (11.3% £2.2% vs. 17.1% £ 4.9% and
16.5% £ 5.4%) (Fig. 2A (ii)). Finally, also no significant effect
was found on Th17 T cell differentiation in naive T cells
cocultured with nonchondrogenic and chondrogenically dif-
ferentiated A-MSCs (2.5%*1.1% vs. 4.6%*1.4% and
4.6% t£0.4%) (Fig. 2A (iii)). Again, there was no difference
between nonchondrogenic or chondrogenically differentiated
A-MSCs on CD4+ T cell differentiation in naive T cells. In
contrast to the effect on naive T cells, both allogeneic non-
chondrogenic and chondrogenic A-MSC pellets significantly
decreased the percentage of Thl cells (16.6%t£2.2% vs.

TABLE 1. QUANTITATIVE REAL-TIME REVERSE TRANSCRIPTION POLYMERASE CHAIN REACTION GENE SEQUENCES

Gene Forward sequence

Reverse sequence

Sox9; SRY (sex determining
region Y)-box 9

CAACGCCGAGCTCAGCA

TCCACGAAGGGCCGC

MMP-1 Matrix metalloproteinase-1 CTCAATTTCACTTCTGTTTTCTG  CATCTCTGTCGGCAAATTCGT
MMP-13  Matrix metalloproteinase-13 ~ AAGGAGCATGGCGACTTCT TGGCCCAGGAGGAAAAGC
IL-6 Interleukin-6 TCGAGCCCACCGGGAACGAA GCAGGGAGGGCAGCAGGCAA
IL-10 Interleukin-10 CCTGGAGGAGGTGATGCCCCA GACAGCGCCGTAGCCTCAGC
GAPDH Glyceraldehyde-3-phosphate  ~  ATGGGGAAGGTGAAGGTCG TAAAAGCAGCCCTGGTGACC

dehydrogenase
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FIG. 1. Nonchondrogenic and
chondrogenically differentiated A-
MSC pellets increase the percentage
of Th2 cells in coculture with total
PBMCs. Human A-MSCs were non-
chondrogenic (-TGFf3) and chon-
drogenically (+TGFf3) differentiated
for 7 days. Unsorted PBMCs were
thawed and stimulated with CD3/
CD28. CD3/CD28 PBMCs were cul-
tured with 7-day nonchondrogenic and
chondrogenically differentiated A-
MSC:s for 3 days. Following coculture,
PBMCs were harvested and analyzed
by flow cytometry for specific markers
(CD45, CDS, CD4, CD45R0O, CCR6,
CCR4, and CXCR3). The gating
strategy for flow cytometry analysis is
depicted in (A). Both non-
chondrogenic and chondrogenically
differentiated A-MSCs increased the
percentage of Th2 cells (b(ii)). Non-
chondrogenic and chondrogenically
differentiated A-MSCs had no effect
on Thl (B (i)), Th17 (B (iii)), or CDS8
T cells (iv). n=3 PBMC donors (each
colored dot). Cocultures were per-
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6.8% £1.7% and 9.2% +1.9%) and increased the percentage
of Th2 cells (25.2% £4.6% vs. 41.6%+4.9% and 40.7% *
4.2%) (Fig. 2B (i) and (ii)). Nonchondrogenic A-MSC pellets
had a higher inhibitory effect on Thl cells than chon-
drogenically differentiated A-MSC pellets. An increase in the
percentage of Th17 cells was found in memory T cells co-
cultured with nonchondrogenic or chondrogenically differen-
tiated A-MSC pellets, but this finding was not significant
(6.7%+0.9% vs. 11%+3.7% and 9.8% £ 1.7%) (Fig. 2B (iii)).

Memory T cells infiltrate the matrix of both
nonchondrogenic and chondrogenically differentiated
A-MSC pellets and modulate A-MSC gene expression

To assess whether memory T cells had infiltrated the
matrix of the differentiated A-MSC pellets, the A-MSC
pellets were removed from the coculture, washed once with

PBS, and then processed for RNA isolation. The RNA from
both nonchondrogenic and chondrogenic A-MSC pellets co-
cultured with memory T cells was isolated and analyzed by
gRT-PCR. CD3 gene expression was significantly upregu-
lated in nonchondrogenic (40 vs. 27.6t1.1 Ct value) and
chondrogenically (40 vs. 27.5£1.3 Ct value) differentiated
A-MSC pellets (Fig. 3A), highlighting the presence of CD3-
positive memory T cells in the matrix of nonchondrogenic
and chondrogenic A-MSC pellets. Furthermore, the coculture
of memory T cells significantly inhibited the expression of
Sox 9 in chondrogenically differentiated (0.03£0.01 vs.
0.01£0.01) A-MSC pellets, but to a lesser extent in non-
chondrogenic (0.02+0.01 vs. 0.01£0.003) A-MSC pellets
(Fig. 3B). Gene expression levels of the matrix-degrading
enzyme MMP-1 were upregulated in nonchondrogenic
(0.001£0.0001 vs. 0.01+0.003) and chondrogenic (0.001 £
0.0002 vs. 0.004%0.001) A-MSC pellets cultured with
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FIG. 2. Allogeneic nonchondrogenic and chondrogenic A-MSC pellets do not affect naive CD4 T cell differentiation, but
significantly change the percentage of Thl and Th2 cells in memory T cells. Human A-MSCs were nonchondrogenic
(-TGFp3) and chondrogenically (+TGFp3) differentiated for 7 days. Naive (CD4+CD45R0O-) and memory (CD4+CD45R0O+)
T cell subsets were sorted from CD4 T cells and stimulated with CD3/CD28. CD3/CD28 naive or memory T cells were
cultured with 7-day nonchondrogenic and chondrogenically differentiated A-MSCs for 3 days. Following coculture, naive and
memory T cells were harvested and analyzed by flow cytometry for T cell-specific markers (CD45, CD8, CD4, CD45RO,
CCR6, CCR4, and CXCR3). Both nonchondrogenic and chondrogenically differentiated A-MSCs had no effect on the
differentiation of CD4 subsets in naive T cells (A) Both nonchondrogenic and chondrogenically differentiated A-MSCs
significantly increased the percentage of Th2 cells and decreased the percentage of Thl cells in memory T cells (B (i) and (ii))
Nonchondrogenic and chondrogenically differentiated A-MSCs had no significant effect on Th17 cells in memory T cells (B
(iii)) n=3 PBMC donors (each colored dot). Cocultures were performed in triplicate and pooled per donor for the final FACS
analysis. Data are represented as meantSD. Repeated measures ANOVA with Bonferroni’s posthoc test: *p<0.05,

*#4p <0.001.

memory T cells. MMP-3 was also upregulated in non-
chondrogenic (0.002+0.001 vs. 0.09 £0.04) and chondrogenic
(0.005£0.002 vs. 0.13£0.05) cocultured A-MSC pellets.

IL-6 is highly secreted in supernatants from cocultures
of memory T cells and nonchondrogenic and
chondrogenic A-MSC pellets

To assess the effect of differentiated A-MSC pellets on
the secretion of CD4 T cell-specific cytokines, all super-
natants were harvested after 3 days of coculture of memory
T cells with nonchondrogenic and chondrogenically differ-
entiated A-MSC pellets. Nonchondrogenic and chon-
drogenically differentiated A-MSC pellets had no effect on
the secretion of IL-17A (Fig. 4A (i)). There was a trend
toward a decrease in the secretion of IL-17F in supernatants
of memory T cells with nonchondrogenic and chondrogenic
hMSC pellets, however, this was not significant (Fig. 4A
(i1)). IL-6 was highly secreted in cocultured superna-
tants only (Fig. 4A (iii)). While supernatants from non-
chondrogenic and chondrogenic A-MSC pellets had low
levels of IL-6 secretion, IL-6 was not detected in superna-
tants from memory T cells alone. There was also a trend
toward a decrease in IL-10 and IFNYy secretion in coculture

supernatants of memory T cells with nonchondrogenic and
chondrogenic A-MSC pellets, however, again this was not
significant (Fig. 4A (iv) and (v)). Furthermore, IL-4 was not
detected in any supernatants (data not shown). A-MSC
pellets that were cocultured with memory T cells had sig-
nificantly higher gene expression levels of IL-6 compared
with memory T cells from cocultures. However, no signif-
icant difference was observed between IL-6 gene expression
levels in nonchondrogenic or chondrogenically differenti-
ated MSCs (Fig. 4B). Gene expression levels of IL-10 did
not significantly differ between culture conditions.

P-MSC pellets at day 21 of chondrogenesis skew
Th1/Th2 as well as Th17 and regulatory T cell subsets

To confirm the change in the ratio of Th2 versus Thl in
memory T cells at a later stage of chondrogenesis, P-MSCs
were differentiated with and without TGFB3 for 21 days.
Following 21 days of differentiation, both nonchondrogenic
(-TGFf3) and chondrogenically differentiated (+TGFf3)
P-MSCs were cocultured with unsorted PBMCs or sorted
memory CD4+ T cells for 3 days. After 21 days of differ-
entiation, chondrogenesis of the P-MSC donor was con-
firmed (Supplementary Fig. S4 and SS5). A trend toward a
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FIG. 3. Memory T cells infiltrate the matrix of both nonchondrogenic and chondrogenically differentiated A-MSC pellets
and modulate A-MSC gene expression. Memory T cells were cultured with 7-day nonchondrogenic and chondrogenically
differentiated A-MSCs for 3 days. Following coculture, quantitative gene expression of CD3, Sox 9, MMP-1, and MMP-3
was analyzed within the A-MSC pellets from the coculture relative to the housekeeper (GAPDH). CD3 gene expressed
increased in nonchondrogenic and chondrogenically differentiated hMSC pellets cultured with memory T cells (A) Memory
T cells significantly decreased Sox 9 gene expression in chondrogenically differentiated A-MSC pellets. MMP-1 and MMP-
3 expression was significantly increased in both nonchondrogenic and chondrogenically differentiated A-MSC pellets
cultured with memory T cells (B) n=3 PBMC donors (each shaped point). Data are represented as mean* SD. Repeated
measures ANOVA with Bonferroni’s posthoc test: *p <0.05, ***p<0.001. GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase; hMSC, human MSC; MMP, matrix metalloproteinase.

decrease in the percentage of Thl cells was observed in un-
sorted PBMCs cocultured with allogeneic nonchondrogenic
and chondrogenically differentiated P-MSC pellets (26.6% +
7.1% vs. 20.5%£5.1% and 19.5%+4.9%) (Fig. 5A (i)). A
small yet significant increase was found in the percentage of
Th2 cells in cocultures of unsorted PBMCs with allogeneic
nonchondrogenic and chondrogenically differentiated P-
MSCs (11.9%+2.8% vs. 15.1%£3.3% and 16.7% = 4.3%)
(Fig. 5A (ii)). Furthermore, a small yet significant increase in
the percentage of Thl7 cells was observed in unsorted
PBMCs cocultured with allogeneic chondrogenically differ-
entiated P-MSC pellets (25% £5.6% vs. 29.4% £ 4.5%), but
this was not statistically significant with allogeneic non-
chondrogenic P-MSC pellets (251 5.6 vs. 27.215.5) (Fig. 5A
(iii)). Furthermore, a significant decrease in the percentage of
regulatory T cells was noted in cocultures with both non-
chondrogenic and chondrogenically differentiated P-MSC
pellets (55.3%+3.3% vs. 43.3% *£8.2% and 40.6% +4.6%)
(Fig. 5A (iv)). The gating strategy for regulatory T cells was
the same as previous studies’ and is also shown in Supple-
mentary Figure S3. Similar to the previous experiment, a
trend toward a decrease in Th1 cells was observed in memory
T cells cocultured with allogeneic nonchondrogenic and
chondrogenically differentiated P-MSC pellets (15.8% *
7.6% vs. 12.2% +6.5% and 11.2% +5.1%), whereas Th2 cell
differentiation was significantly increased by both treatment

conditions (35%+8.2% vs. 46.8%+11.1% and 51.4% %
10.5%) (Fig. 5B (i) and (ii)). Furthermore, the percentage of
Th17 cells was significantly increased in memory T cells
cocultured with allogeneic nonchondrogenic and chon-
drogenically differentiated P-MSCs (27% +4.3% vs. 39.1% *
5.9% and 40.2% £+ 6.7%) (Fig. 5B (iii)). On the other hand,
the percentage of regulatory T cells in memory T cells co-
cultured with nonchondrogenic and chondrogenically differ-
entiated P-MSC pellets was significantly inhibited (30% +
5.9% vs. 15.5%+4.6% and 12.7% +4.1%) (Fig. 5B (iv)).

Chondrogenic differentiation alters cytokine secretion
in coculture with memory T cells

To assess the effect of differentiated P-MSC pellets on the
secretion of CD4+ T cell-specific cytokines, all supernatants
were harvested after 3 days from cocultures of memory T cells
with 21-day allogeneic nonchondrogenic or chondrogenically
differentiated P-MSC pellets. Levels of IL-17A, IL-17F, IL-4,
IL-10, and IFN-y secreted in supernatants of memory T cells
with either allogeneic nonchondrogenic or chondrogenic P-
MSC pellets did not significantly differ (Fig. 6). However, co-
culture of memory T cells with allogeneic chondrogenically
differentiated P-MSC pellets resulted in significantly higher
levels of IL-6 secretion, compared with coculture with non-
chondrogenically differentiated P-MSCs or cultures of memory
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FIG. 4. IL-6ishighly secreted in supernatants from cocultures of memory T cells and nonchondrogenic and chondrogenic A-
MSC pellets. Memory T cells were cocultured with 7-day nonchondrogenic and chondrogenically differentiated A-MSCs for
3 days. The level of IL-17A, IL-17F, IL-6, IL-10, and IFNYy was analyzed in the supernatants from the coculture by ELISA. IL-6
was secreted at a significantly higher level in supernatants from cocultures of memory T cells with nonchondrogenic and
chondrogenically differentiated A-MSC pellets. All other cytokines were not significantly affected (A) IL-6 and IL-10 gene
expression levels by cocultured nonchondrogenic or chondrogenically differentiated MSCs, and cocultured memory T cells.
Both nonchondrogenic and chondrogenically differentiated A-MSC pellets that were cocultured with memory T cells have
significantly higher gene expression levels of IL-6 compared with memory T cells from cocultures (B) n=3 PBMC donors
(each colored dot). Data are represented as mean+ SD. Repeated measures ANOVA with Bonferroni’s posthoc test:
*#%p <(0.001. ELISA, enzyme-linked immunosorbent assay; IFNy, interferon gamma; IL, interleukin.

T cells alone (Fig. 6). Interestingly, the levels of IL-6 in 21-day =~ Discussion

chondrogenic P-MSC pellets were about six times higher

compared with 7-day chondrogenic A-MSC pellets cocultured CD4 T lymphocytes have been previously shown to af-
with memory T cells (Fig. 4). Both nonchondrogenic and fect bone regeneration mediated by undifferentiated MSCs.
chondrogenically differentiated P-MSC pellets cultured alone  The aim of the current study was to investigate the effect of
did not secrete any IL-6. allogeneic chondrogenically differentiated MSC pellets on
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Thl, Th2, Th17, and regulatory T cell subsets in vitro. We
have shown that allogeneic nonchondrogenic and chon-
drogenically differentiated MSC pellets induce changes in
the percentage of memory Thl, Th2, Th17, and regulatory
T cells. Furthermore, IL-6 appears to be a predominant
cytokine involved in this interaction between allogeneic
chondrogenically differentiated MSC pellets and CD4 T
cells.

The differentiation of MSCs has been shown to affect
their immunogenic properties.*® Our group has extensively
reviewed the effect of these differentiated MSCs on the
immune system from various research groups.’’ Previous
studies have shown that undifferentiated MSCs suppress
more proinflammatory T cell subsets (Thl and Th17).*~*?

While the majority of studies do not focus on the effects of
MSCs on specifically Th2 T cell differentiation, additional
studies have reported that undifferentiated MSCs induce a
shift in the cytokine profile in the T cell differentiation
process toward anti-inflammatory Th2 cells.** Furthermore,
in an animal model of multiple sclerosis, MSC injection into
these animals was shown to induce a Th2 response but in-
hibit a Thl response.44 Therefore, MSCs seem to promote
Th2 responses. While the study by Liu et al. reported an
inhibition of Thl, Th2, and Th17 differentiation in their
in vitro coculture system, upon infusion of the MSCs
in vivo, the levels of IFNy and TNFa were reduced but not
levels of 1L-4, sug%esting that Th2 cells may still be induced
by MSCs in vivo.* The fact that both nonchondrogenic and
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FIG. 6. Chondrogenic differentiation alters cytokine secretion in coculture with memory T cells. CD3/CD28-stimulated
memory T cells were cultured with 21-day nonchondrogenic and chondrogenically differentiated P-MSCs for 3 days. The
level of IL-17A, IL-17F, IL-4, IL-6, IL-10, and IFNy was analyzed in supernatants from cocultures by ELISA. Coculture of
memory T cells with allogeneic chondrogenically differentiated P-MSC pellets results in significantly higher levels of IL-6
secretion, compared with coculture with nonchondrogenically differentiated P-MSCs or cultures of memory T cells alone.
n=3 PBMC donors. Data are represented as mean+SD. Repeated measures ANOVA with Bonferroni’s posthoc test:

*%p <0.01.

chondrogenic MSCs were found to increase Th2 cells and
decrease Thl cells suggests that, in our culture system,
chondrogenically differentiated MSC pellets have similar
immunomodulatory properties as undifferentiated and non-
chondrogenic cells. Therefore, allogeneic chondrogenic
MSCs are not expected to induce a negative alloresponse
in vivo.

TGFP priming of MSCs is required to induce successful
chondrogenic differentiation of these cells. Implantation
of chondrogenically differentiated MSC pellets generates
bone in vivo through the process of endochondral ossifi-
cation.” In this study, we were also interested to compare
allogeneic nonchondrogenic MSC pellets, which did not
receive TGFf during the differentiation process, with al-
logeneic chondrogenically differentiated MSC pellets.
Nonchondrogenically differentiated MSCs do not form
bone when implanted in vivo.* Therefore, it was hypoth-
esized that there would be a difference in the activation
of specific T cell subsets by either allogeneic non-
chondrogenic or chondrogenically differentiated MSCs
pellets that may give more information as to which T cell
subset(s) may be involved in the MSC-mediated endo-
chondral bone formation. Our group has shown that 7-day
chondrogenic priming of the MSCs is sufficient to gen-
erate bone in vivo.*° Therefore, in the first part of this
study MSC, pellets were differentiated for 7 days with and
without TGFB3 before coculture with the lymphocytes.
Based on histology, at 7 days the GAG production was
quite low in the A-MSC donor used and therefore there
was not much difference in matrix production between
nonchondrogenic and chondrogenically differentiated
A-MSC pellets. This may explain why there was little

difference in the differentiation of the CD4+ T cell subsets
between allogeneic nonchondrogenic and chondrogenically
differentiated A-MSC pellets cocultured with either un-
sorted PBMCs or memory T cells. The experiment was re-
peated with MSCs chondrogenically differentiated for
21 days before the coculture to determine whether a more
chondrogenic donor would still skew the Th1/Th2 balance
and whether this differs from the nonchondrogenic MSC
pellet coculture. Again, an increase in the Th2 cells and a
decrease in Th1 cells was observed. Regulatory T cells were
also included in the analysis, where it is known that TGFf
can induce regulatory T cell differentiation and TGFp + IL-
6 can induce Th17 cell differentiation.”’ A significant in-
crease in the percentage of Th17 cells and a decrease in the
percentage of regulatory T cells in cocultures with 21-day
nonchondrogenic and chondrogenically differentiated P-
MSC pellets was observed in the current study. This could
be due to the high production of IL-6 by the MSCs to in-
crease the percentage of Th17s and decrease the percentage
of regulatory T cells. However, there were still no major
differences between cocultures of nonchondrogenic and
chondrogenically differentiated MSC pellets and T cells. It
is important to note that Th17 cells are not the only subtype
of CD4 T cells to express CCR6 and CCR4. Th22 cells are
also known to play a role during tissue inflammation and can
be excluded from Thl17 cells with the chemokine CCR10
and the production of the cytokine IL-22.*"*® The percent-
age of Th22 cells is relatively low compared with Th17
cells* and while this chemokine and cytokine were not
included in the current study, Th22 cells cannot be excluded,
in that they did not play a role in the interaction between
allogeneic nonchondrogenic and chondrogenic MSC pellets.
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Future studies are required to further study perhaps the role
of these cells in the interaction between allogeneic chon-
drogenic MSCs and the immune system.

Perhaps the most interesting cells altered by non-
chondrogenic and chondrogenically differentiated pellets were
those found within the matrix. In a previous study, CD3 im-
munohistochemistry was performed on MSC pellets co-
cultured with PBMCs. In this study, we showed that CD3 T
cells can in fact infiltrate the matrix of the MSCs, which was
also supported by increased CD3 gene expression in only
those MSCs cocultured with PBMCs.® In the current study,
CD3 gene expression was significantly upregulated in non-
chondrogenic and chondrogenically differentiated A-MSC
pellets cocultured with memory T cells. Nonchondrogenic and
chondrogenic MSC pellets were negative for CD3 gene ex-
pression. This suggested that memory T cells had infiltrated
the matrix of the cells. While no differences were found in the
differentiation of T cells between nonchondrogenic and
chondrogenic A-MSCs, perhaps these infiltrating cells are the
cells where most difference would be found. It would be in-
teresting to attempt to analyze these infiltrating cells in future
studies to determine what cells invade the matrix of the MSCs
and their role in the whole process of the bone regeneration.

IL-6 is known to be secreted at large quantities by
MSCs.#*" The functions of IL-6 are both pro- and anti-
inflammatory. It has been reported that MSCs secrete IL-6 to
prevent apoptosis and maintain not only their im-
munoprivileged state, but also their proliferation.** Further-
more, IL-6 has been shown to be an important cytokine in the
rejection of allogeneic MSCs following implantation,
whereby, in a study by Li et al., IL-6 prevented allogeneic
leukocyte-mediated cytotoxicity of differentiated MSCs.>!
The enhanced IL-6 production by the MSCs prevented their
rejection by the host to allow tissue repair and regeneration to
occur. In our cocultures of memory T cells and 7-day non-
chondrogenic and chondrogenically differentiated A-MSC
pellets, IL-6 was found to be highly secreted in the super-
natants. Interestingly, upon protein analysis, differences were
now arising between the cytokine secretions of cocultures of
memory T cells with allogeneic nonchondrogenic and
chondrogenically differentiated P-MSC pellets. With 21-day
chondrogenic P-MSC pellets, levels of IL-6 were signifi-
cantly higher in cocultures with memory T cells compared
with nonchondrogenic P-MSC cocultures. Furthermore, the
levels of IL-6 were about six times higher in 21-day chon-
drogenic P-MSC pellets compared with 7-day chondrogenic
A-MSC pellets. This was most likely due to the fact that the
P-MSC pellets were more chondrogenic than the 7-day A-
MSC pellets. The IL-6 found in the cocultures could have
had a variety of purposes, including as already mentioned
having an effect on the regulatory T cell/Thl7 cell ratio.
First, since IL-6 has been shown to be involved in allogeneic
stem cell rejection, perhaps allogeneic chondrogenically
differentiated MSC pellets secrete 1L-6 to suppress host
immune cells from initiating rejection. Previously, we have
shown that chondrogenically differentiated MSC pellets are
responsible for the IL-6 production and not dendritic cells.>?
We have also further confirmed this finding in the current
study by demonstrating high IL-6 gene expression in MSC
pellets and not memory T cells. In light of these findings, we
hypothesize that chondrogenic MSC pellets are also re-
sponsible for the IL-6 production in response to these im-

KIERNAN ET AL.

mune cells. Furthermore, IL-6 has been previously shown to
induce IL-4-producing CD4 T cells.** IL-4 and IL-13 (both
Th2-related cytokines) have been reported to be chemotactic
factors for osteoblasts.”® Whether chondrogenically differ-
entiated MSCs induce Th2 T cell differentiation to acquire
osteoprogenitors in vivo, requires additional investigation.
Further studies investigating the role of IL-6 in MSC-
mediated endochondral bone formation need to be completed
to confirm its role in the whole process; however, these re-
sults suggest that chondrogenic MSC pellets produce IL-6
during the immune response and that this cytokine may be
important in their capacity to alter T cell behavior.

In conclusion, allogeneic chondrogenically differentiated
MSC:s increase Th2 cells, as well as skew Th17 and regu-
latory T cell subsets in sorted memory CD4 T cells in vitro.
The change in Th2 and Th17 cell ratio by allogeneic
chondrogenic MSC pellets, highlights a potential role of
Th2 or Th17 T cells in the bone formation process mediated
by chondrogenic MSC pellets in vivo. Additionally, IL-6
appears to be an important cytokine in the interaction be-
tween allogeneic chondrogenic MSC pellets and memory T
cells. Additional in vivo analysis investigating bone forma-
tion by chondrogenically differentiated MSCs in an allo-
geneic setting could confirm the involvement of these T cell
subsets in the early stages of bone regeneration mediated by
chondrogenically differentiated MSC pellets.
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