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Abstract

Background Mesenchymal stem cells (MSCs) have emerged as promising candidates for immune modulation in
various diseases that are associated with dysregulated immune responses like Graft-versus-Host-Disease (GVHD).
MSCs are pleiotropic and the fate of MSCs following administration is a major determinant of their therapeutic
efficacy.

Methods Human MSCs were derived from bone marrow (BM) and Wharton's Jelly (WJ) and preconditioned through
exposure to hypoxia and induction of apoptosis, either sequentially or simultaneously. The immune programming
potential of preconditioned MSCs was evaluated by assessing their effects on T cell proliferation, induction of Tregs,
programming of effector T-cell towards Th2 phenotype, macrophage polarization in the direct co-culture of MSCs
and aGVHD patients-derived PBMNCs. Additionally, efferocytosis of MSCs and relative change in the expression of
immunomodulatory soluble factors were examined.

Results Our study demonstrated that hypoxia preconditioned apoptotic MSCs (BM-MSCs, WJ-MSCs) bear more
immune programming ability in a cellular model of acute Graft-versus-Host-Disease (@GVHD). Our findings revealed
that WJ-MSCs™P PO were superior to BM-MSCs™YP*A"0 for immune regulation. These induced the differentiation

of CD4™T-cell into Tregs, enhanced Th2 effector responses, and simultaneously mitigated Th1- and Th17 responses.
Additionally, this approach led to the polarization of M1 macrophages toward an M2 phenotype.
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Conclusion Our study highlights the potential of WJ-MSCs

~
conditioned with hypoxia and apoptosis concurrently,

as a promising therapeutic strategy for aGVHD. It underscores the importance of considering MSC apoptosis in
optimizing MSCs-based cellular therapy protocols for enhanced therapeutic efficacy in aGvHD.
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Mesenchymal stem cells (MSCs) exert their immuno-
regulatory effects in Graft-versus-Host-Disease (GVHD)
[1] through the secretion of various soluble factors such
as chemokines, cytokines, and extracellular vesicles/
exosomes [2], resulting in modulation of the immune
response by suppressing the activation of immune cells
(T-cell, natural killer cells, dendritic cells, B-cell) in an
inflammatory milieu [3].

Several preclinical studies reported that transplanted
MSCs have a limited lifespan in recipients as they
undergo apoptosis by various immune effector cells

within the host circulation and apoptotic MSCs are sub-
sequently efferocytosed by macrophages which in turn
licensed to disseminate soluble factors to regulate the
activated immune response [6]. Therefore, this mecha-
nism has been explored in a few studies by either induc-
ing or inhibiting apoptosis in MSCs by silencing the
apoptotic effector molecules BAK and BAX. These stud-
ies validated the therapeutic potential of MSCs [7] and
demonstrated that reducing apoptosis in MSCs dimin-
ished their immunomodulatory capabilities in a viable
form when administered in an asthmatic mice model.
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This finding underscores the necessity for MSCs to
undergo apoptosis to exert their functional effect [7, 8].
Moreover, these apoptotic MSCs have been found to pos-
sess the ability to induce immunosuppressive effects in
animal models of GVHD and various organ injuries like
lung, liver, and spleen [4, 9, 10], suggesting that phago-
cytes are mediators of MSC-induced adaptive responses
[11].

MSCs reside in a hypoxic microenvironment that can
promote apoptosis which leads to therapeutic potential
under in vivo conditions [12] by secreting water-soluble
immunomodulatory factors [13, 14].

Allogeneic Hematopoietic Stem Cell Transplantation
(Allo-HSCT) is a curative treatment for various hema-
tological disorders [15]. The primary objectives of Allo-
HSCT include promoting the engraftment of donor cells
[16], restoring a healthy immune system, and eliminat-
ing residual tumor cells from the host [17]. However, the
success of Allo-HSCT is often compromised by GVHD,
wherein donor immunocompetent cells recognize and
attack the host’s tissues in immunocompromised alloge-
neic recipients, significantly affecting transplant-related
mortality [18]. Acute GVHD (aGVHD) occurs within
the first 100 days post-Allo-HSCT in 40-60% of trans-
plant recipients [19] and is primarily characterized by
damage to the skin, liver, and gastrointestinal tract [20].
This condition is marked by strong pro-inflammatory
cytokine responses, mediated by Thl and Th17 immune
responses [21, 22], involving donor T cell-mediated cyto-
toxic (CD8%) attacks on host tissues due to cell surface
molecules and secreted factors [21].

Mesenchymal stem cells (MSCs) have shown prom-
ise in preventing and treating GVHD in preclinical and
small-scale clinical studies through their immunomodu-
latory properties [11, 23]. Despite these advantages,
translating the success of MSC therapy to larger clinical
settings has been challenging, yielding mixed results [11,
22]. The variable immunomodulatory effect of MSCs in
aGVHD can be attributed to differences in patient char-
acteristics [11] and insufficient apoptosis of MSCs in the
recipients [4].

There is an urgent need to augment the efficacy of
MSCs-based cellular therapy by tinkering apoptosis in
conjunction with hypoxia appears to be the most effec-
tive conditions that impact immunomodulation poten-
tial, particularly for aGVHD patients who do not respond
favorably to viable MSCs. In view of this prerequisite,
our study provides experimental evidence that apop-
totic in conjunction with hypoxia enhances the immune
regulatory potential of tissue-specific human MSCs (BM-
MSCs, WJ-MSCs) in a cellular model of aGVHD.
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Methods

Isolation and characterization of MSCs from human BM
and WJ

Human BM aspirates were collected from healthy donors
(n=>5) of allogeneic stem cell transplant recipients at the
Department of Medical Oncology, Dr. B. R. Ambedkar
Institute Rotary Cancer Hospital, AIIMS, New Delhi,
and MSCs were isolated using our previously estab-
lished protocol [24]. The study involved the use of human
mesenchymal stem cells and was approved by the Insti-
tutional Committee for Stem Cell Research, (Ref. No.:
IC-SCR/110/20(R), All India Institute of Medical Sci-
ences, New Delhi, India. Informed written consents were
obtained from all participating subjects and all proce-
dures were performed as per the guidelines and regula-
tions approved by the ethics committee.

Briefly, the aspirate was seeded in a 60 mm culture dish
(Nunc™, Thermo Fisher Scientific, USA) with 1X Low
Glucose-Dulbecco’s Modified Eagle Media (LG-DMEM)
(Thermo Fisher Scientific, USA) supplemented with 10%
FBS (Thermo Fisher Scientific, USA), 1% antibiotic-anti-
mycotic solution (Thermo Fisher Scientific, USA), and
incubated in a humidified chamber at 37°C with 5% CO,,
21% O,. After 72 h, the media was replaced with LG-
DMEM complete media with Stem Pro™ MSC Serum-
Free Media (SFM) (Thermo Fisher Scientific, USA) in a
3:1 ratio, and the media was changed every third day until
the cell confluency reached 80%. Adherent cells were
trypsinized using 0.05% Trypsin-EDTA and reseeded for
further experiments.

Human umbilical cord (UC) (n=5) was collected in a
sterile transport media from the Department of Obstet-
rics and Gynaecology, AIIMS, New Delhi, and MSCs
were isolated using our previously established protocol
[24]. The study involved the use of human mesenchymal
stem cells and was approved by the Institutional Commit-
tee for Stem Cell Research, (Ref. No.: IC-SCR/110/20(R),
All India Institute of Medical Sciences, New Delhi, India.
Informed written consents were obtained from all par-
ticipating subjects and all procedures were performed as
per the guidelines and regulations approved by the ethics
committee.

Briefly, the explant culture method was used to obtain
MSCs from W] and approximately 2 ¢cm*2 cm size of
explant were seeded in a 35 mm culture dish (Nunc™,
Thermo Fisher Scientific, USA) and the coverslips
were placed over explants and 1X LG-DMEM com-
plete medium was added dropwise. The culture dish
was placed in a humidified chamber at 37°C, 5% CO,
for 2-3 h for the attachment of explants followed by the
addition of 1X LG-DMEM with Stem Pro MSC™ SFM in
a 3:1 ratio. The cells were harvested using 0.05% Trypsin-
EDTA after the attainment of 80% cell confluency and the
cells were expanded for further experiments.
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Characterization of MSCs

Both BM-MSCs and WJ-MSCs (Passage-3) were charac-
terized according to the International Society for Cellu-
lar Therapy (ISCT) guidelines [25] using our established
protocols [26]. Briefly, MSCs were characterized for
their plastic adherence, surface marker profile, and tri-
lineage differentiation potential. Uninduced MSCs were
expanded in basal media, used as a control for trilineage
differentiation assay and images were acquired using an
inverted phase contrast microscope (Nikon, Japan). Fur-
ther, the metabolic rate of MSCs was determined on Days
1, 3, 5, and 7 using an MTT assay, and the population
doubling time (PDT) was enumerated after 72 h using
the following formula [27]:

PDT = T - Tolog2 (logN - logN,)

where, T: Time of harvesting, T,: Time of seeding, N:
Number of cells harvested, N,: Number of cells seeded.

MSCs were pooled to attain homogeneity and passages
3-5 were used for subsequent in vitro experiments.

Generation and characterization of hypoxia-
preconditioned apoptotic MSCs

Hypoxia-preconditioned apoptotic MSCs were gener-
ated either sequentially or concurrently. In the sequen-
tial method, MSCs were first preconditioned with 1% O,
for 24 h, followed by treatment with 1uM staurosporine
(STS) (Sigma, USA) for 24 h in 1X LG-DMEM com-
plete media in a tri-gas incubator (Thermo Fisher Scien-
tific, USA), termed as MSCsHYP~APO 1 the concurrent
method, MSCs were exposed to 1% O, and 1pM STS for
24 h in a tri-gas incubator, termed MSCs"Y?+APO Addi-
tionally, MSCs were exposed to 1% O, alone for 24 h,
termed hypoxia preconditioned MSCs (MSCs"?).

The respective cell suspensions were collected, washed,
and stained with Annexin V/7AAD for the enumeration
of apoptotic cells using a DxFlex flow cytometer (Beck-
mann Coulter), and the data was analyzed using Kaluza
software version 2.1 (Beckmann Coulter). Additionally,
the apoptosis was confirmed by cleaved caspase-3 (Cell
Science Technology, USA) using western blotting [7].

T-cell proliferation assay

Peripheral blood (PB) was collected from patients with
grade II-IV acute graft-versus-host-disease (aGvHD)
(n=5) in a sterile sodium heparin-coated vacutainer
(BD Biosciences, US) and the peripheral blood mono-
nuclear cells (PBMNCs) were isolated using a standard-
ized protocol [28]. The study involved the use of human
subjects and was approved by the Institute Ethics Com-
mittee for Post Graduate Research, All India Institute of
Medical Sciences, New Delhi, India (Ref. No.: IECPG-
542/23.09.2020). Informed written consents were
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obtained from all participating subjects and all proce-
dures were performed as per the guidelines and regula-
tions approved by the ethics committee.

For each co-culture experimental condition, inde-
pendent experiments were performed using PBMNCs
derived from each donor, resulting in a total of 5 biologi-
cal replicates. Within each biological replicate, experi-
ments were conducted in triplicate (technical replicates)
to ensure reproducibility and accuracy of the results.

CD3" T cells were isolated from PBMNCs by negative
selection using a Pan T cell isolation kit, human (Milte-
nyi Biotec, USA) as per the manufacturer’s instructions.
CD3* T cells were labeled with 1uM Cell Trace™ CFSE
dye (BD Biosciences, USA) for 20 min at 37'C and fol-
lowed by activation with PHA (1 pg/ml) (Sigma, USA)
and IL-2 (50IU/ml) (Thermo Fisher Scientific, USA) in
1X Rosewell Park’s Memorial Institute (RPMI)-1640
medium supplemented with L-glutamine (Thermo Fisher
Scientific, USA), 10% FBS, 1% antibiotic-antimycotic
solution at 37°C, 5% CO, for 48 h.

For co-culture, hypoxia-preconditioned MSCs (MSC-
sTYP MSCsHYP=APO - NSCsHYPHAPOY yere treated with
mitomycin-C (15 pg/ml) (Thermo Fisher Scientific,
USA) for 1 h in 1X LG-DMEM incomplete medium. The
mitomycin-treated MSCs were co-cultured with CFSE-
labelled activated T cells in a 1:10 ratio in 1X RPMI-
1640 complete medium with 1X LG-DMEM complete
medium in a 1:1 ratio for 3 days. After 3 days of co-
culture, the proliferation of T cells was assessed using a
DxFlex flow cytometer (Beckmann Coulter, USA), and
the data was analyzed using Kaluza software version 2.1
(Beckmann Coulter, USA). CFSE-labelled activated T-cell
in the absence of MSCs were used as a control for the
normalization of the proliferation of T-cell in the direct
co-culture [28, 29].

Induction of Tregs

The mitomycin-treated MSCs and activated T cells
were co-cultured in a 1:10 ratio for 5 days. After 5 days
of co-culture, cells were collected, washed with 1X PBS,
and stained with fluorochrome-conjugated anti-human
monoclonal antibodies against CD3, CD4, CD8, CD25,
CD45 (Beckmann Coulter, USA). For intracellular stain-
ing, cells were fixed and permeabilized with a FOXP3
buffer set (BD Biosciences, USA) followed by staining
with anti-FOXP3 monoclonal antibody for 30 min at
room temperature. A minimum of 50,000 events were
acquired by a DxFlex flow cytometer (Beckmann Coul-
ter) and the data was analyzed using Kaluza software
version 2.1 (Beckmann Coulter). Activated T-cell in the
absence of MSCs was used as a control for the baseline
expression of CD3* CD4* CD25* FOXP3* Tregs [30, 31].
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Enumeration of effector memory helper T cell subtypes
(Th1,Th2,and Th17)

The proportion of Th1, Th2, and Th17 were enumerated
in the 5-day co-culture of mitomycin-treated MSCs and
activated T-cell by staining with fluorochrome-conju-
gated antihuman monoclonal antibodies against CXCR3,
CXCR5, CCR10, CCR4, CCR7, CCR6 at 37 C for 30 min
followed by staining anti-human CD3, CD4, CDS,
CD45RA monoclonal antibodies and Th1, Th2, Th17 was
enumerated using DxFlex flow cytometer (Beckmann
Coulter) [30, 32].

Macrophage polarization

CD14* monocytes were isolated from PBMNCs using
a pan-monocyte isolation kit, human (Miltenyi Biotec,
USA) following the manufacturer’s guidelines. The iso-
lated monocytes were treated with 25ng/ml GM-CSF for
5 days to induce differentiation into MO macrophages
followed by treatment with 10ng/ml LPS and 50ng/ml
IFN-y for 24 h to generate M1 macrophages. The mito-
mycin-treated MSCs were co-cultured with M1 mac-
rophages in a 1:10 ratio for 3 days. The polarization of
macrophages from M1 to M2 phenotype was assessed
by staining the cells with fluorochrome-conjugated anti-
CD206, iNOS, Arginase-1 (BD Biosciences, USA), and
the cells were acquired using a DxFlex flow cytometer
(Beckmann Coulter) to enumerate the M1 and M2 mac-
rophages [33].

In vitro MSCs clearance assay

CFSE labelled aGvHD patients-derived M1 macrophages
were treated with pH Rhodo red succinimidyl ester
labelled MSCs (Thermo Fisher Scientific, USA) in a 1:2
ratio for 24 h. The percentage of M1 M®FE* was also
positive for the pH Rhodo red signal used for the calcu-
lation of uptake of MSCs by M1 macrophages using a
DxFlex flow cytometer (Beckmann Coulter) [6, 34].

Gene expression analysis of immunomodulatory molecules
Total RNA was extracted from the co-culture of MSCs
and PBMNCs using the phenol-chloroform extraction
method by TRIzol™ reagent (Thermo Fisher Scientific,
USA) according to the manufacturer’s protocol. Briefly,
the cell suspension was collected from the co-culture and
it was centrifuged at 800 rpm for 5 min at room tempera-
ture. After centrifugation, the supernatant consists of
dead cells and debris which can be removed by decanting
the supernatant while the viable cells form a pellet at the
bottom of the tube. The pellet was resuspended in Trizol
(Thermo Fisher Scientific, USA) and RNA was isolated
from the pellet (viable cells). 2 pug total RNA was reverse
transcribed to give cDNA using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Invit-
rogen, USA). Quantitative real-time polymerase chain
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reaction (qQRT-PCR) was performed in triplicates using
SYBR Green Master Mix (Promega, US) according to the
manufacturer’s instructions using a CFX96 Real-Time
System (Bio-Rad). Glyceraldehyde-3 phosphate dehydro-
genase (GAPDH) was used as the housekeeping gene to
normalize the gene expression. The comparative 2—AACt
method was performed to evaluate the mRNA expression
of IDO, PGE2, IL-10, IEN-y, IL-6, TNF-a, IL-12p, IL-1p
and the sequence of primers were listed in Table S1.

Statistical analysis
All statistical analyses were conducted using Graph-
Pad Prism version 8.4.3. One-way and Tukey’s post hoc
tests compared three or more groups. Data was shown as
Mean*S.D. and a p-value of £0.05 was considered statis-
tically significant.

Results

Hypoxia preconditioning maintained characteristics of
MSCs

Initially, we characterized naive and hypoxia-precondi-
tioned MSCs (BM-MSCs, WJ-MSCs) according to the
ISCT guidelines. We observed that hypoxia maintained
the parental characteristics of MSCs like plastic adher-
ence, fibroblast-like spindle-shaped morphology, exhib-
ited>95% expression of CD105, CD73, CD90, CD29,
HLA I, and the <2% expression of HLA II, CD34, and
CD45, and differentiation into mesodermal lineages
(adipogenic, osteogenic, and chondrogenic) (Fig. 1A, B,
C, S1). While, we did not observe a significant variation
in the doubling time of BM-MSCs between normoxia and
hypoxia culture conditions (36.21+0.852, 35.93+0.226),
however, WJ-MSCs exhibited a significant reduction
in doubling time under hypoxia compared to normoxia
conditions (22.1231£0.227 vs. 26.16+£0.284; p<0.0001)
(Fig. 1D). Moreover, we observed that both MSCs exhib-
ited exponential growth from days 1 to 5, followed by a
decline in proliferation from day 5 to day 7 under nor-
moxia and hypoxia culture conditions (Fig. 1E). Overall,
WJ-MSCs demonstrated higher proliferation rates than
BM-MSCs under both normoxia and hypoxia condi-
tions, as evidenced by both PDT and metabolic rate. Low
oxygen level during hypoxia is sensed by the Von Lan-
dau Hipple factor and manifested by the upregulation
of the HIF-1a transcription factor which orchestrates
hypoxia-induced changes in the cells. HIF-1a gene which
undergoes ubiquitination in normoxic conditions but
becomes stabilized following exposure to hypoxia. Con-
sequently, the expression levels of this gene serve as an
indicator of the cellular response to hypoxic conditions
[35]. Interestingly, both MSCs (BM-MSCs, WJ-MSCs)
had higher expression of HIF-1a from 6 h (5.085+0.0495,
8.349%0.454-fold change) to 12 h (9.6510.161,
14.420£0.665 fold change) followed by a decline in their
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Fig. 1 Characterization of human MSCs (BM-MSCs, BM-MSCs™""® WJ-MSCs, and WJ-MSCs"'?) (A) Morphological images. (B) A bar graph depicts surface
marker profiling using flow cytometry. (C) Trilineage differentiation into adipocytes (28 days of induction), osteocytes (21 days of induction), and chondro-
cytes (14 days of induction). (D) The bar graph represents the population doubling time in hours. (E) The line diagram represents the growth kinetics. (F)
The bar graph depicts the relative expression of the HIF-1a gene using gPCR before and after exposure to 1% O, at various time intervals (6 h, 12 h, 24 h,
48 h). (G) Western blot images represent the expression of Hif-1a protein and the bar graph represents the relative expression of Hif-1a protein before
and after exposure to 1% O, at various time intervals (6 h, 12 h, 24 h, 48 h). Full-length blots are presented in Supplementary Figure S9. Data are shown
as Mean £S.D. The data shown are from independent experiments performed with MSCs derived from three different donors (biological replicates) and

conducted in triplicates (technical replicates)

Statistical analysis: Tukey’s multiple comparisons test; ***<0.001; ****<0.0001. All experiments were done in triplicates. Scale bar: 10X= 100 um. Abbrevia-
tions: BM: Bone marrow; WJ: Wharton's Jelly; MSCs: Mesenchymal stem cells; HYP: Hypoxia-preconditioned

expression from 24 h (6.382%0.059, 10.324+0.119 fold
change) to 48 h (4.28810.656, 5.470+0.334 fold change)
at the gene and protein level (Fig. 1F, G).
Immunomodulation of MSCs is linked to its elimina-
tion via apoptosis followed by efferocytosis post-adminis-
tration [4, 5, 36]. Pre-conditioning with hypoxia enhances
the apoptosis of MSCs which might augment the immu-
nomodulation properties of MSCs [13]. Therefore, we
induced apoptosis in hypoxia-preconditioned MSCs
(BM-MSCs, WJ-MSCs) using STS in both successive
and simultaneous ways. Both approaches resulted in a
notable alteration in the morphology of MSCs, character-
ized by cellular shrinkage, blebbing, and fragmentation
(Fig. 2A) with the proportion of apoptotic MSCs (=98%),
confirmed by Annexin-V/7AAD staining (Fig. 2B, S2)
and the expression of cleaved caspase-3 was enhanced
in apoptotic MSCs (Fig. 2C). Interestingly, despite
apoptosis, the phenotype of MSCs in both approaches,
remained unchanged (Fig. 2D, S3) indicating the stability

of attributes of hypoxia-preconditioned MSCs following
apoptosis.

WJ-MSCsHYP+APO induced immune programming of
effector T-cell

MSCs not only manifest regenerative potential but also
play a crucial role in immunomodulation, contributing
significantly to the maintenance of immune homeostasis
and preventing inflammation in the host [37]. To address
this, we assessed whether hypoxia-preconditioned
viable or apoptotic MSCs (MSCs™F, MSCsHYP=APO,
MSCsHYP+APO) would be able to polarize effector T cells
and macrophages. Initially, we co-cultured CD3" T cells
with MSCs, and T-cell proliferation, induction of Tregs,
and polarization of helper T-cell from pro-inflammatory
to anti-inflammatory phenotype was assessed using flow
cytometry. We observed that both MSCs™? (BM-MSCs,
WJ-MSCs) inhibited the proliferation of T cells signifi-
cantly, wherein, WJ-MSCs"™*? were more effective in sup-
pressing T-cell proliferation than BM-MSCs'™"" (65.62%
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vs. 73.964%; p<0.0001). Interestingly, hypoxia-precondi-
tioned apoptotic MSCs (MSCs™MYP=APO NMSCsHYPHAPO)
did not effectively inhibit T cells proliferation, regardless
of the tissue source [Fig. 3A, S4 (I-1V)]. Similarly, MSC-
stYP (BM-MSCs, WJ-MSCs) increased the CD4/CDS8
ratio indicating the inhibitory impact of MSCs on CD8*
T-cell populations (Fig. 3B).

Based on the MSC"P-mediated loss of the CD8" T-cell
population and concomitant increase in CD4" T-cell,
we anticipated that MSCs might favor either the prolif-
eration of CD4% T cell or promote their differentiation
into Tregs as one of the underlying immune polarization
mechanisms. To demonstrate this, we also analyzed the
Tregs population in the direct co-culture, as described
above. The co-culture of both MSCs™" (BM-MSCs,
WJ-MSCs) enhanced the differentiation of CD4+ T-cell
to Tregs, more so for WJ-MSCs™F than BM-MSCs'"?
(10.08% vs. 5.856%; p: <0.0001). In contrast and unlike
T cell proliferation, hypoxia-preconditioned apoptotic
MSCs (MSCsHYP=APO  NMSCsHYP+APO) enhanced the dif-
ferentiation of CD4" T cells into Tregs synergistically
over MSCs™'?, regardless of tissue source. The percent-
age of Tregs induced by WJ-MSCsMYPHAPO as sig-
nificantly higher than WJ-MSCs™P~AP0 (16,988% vs.
10.954%; p<0.0001). A similar trend was observed in

BM-MSCs (12.442% vs. 7.929%; p<0.0001). This indicates
that simultaneous exposure of hypoxia and apoptosis
to MSCs is more effective than the successive approach
(Fig. 4A, S5 (I-1I)]. These results, supporting our hypoth-
esis, suggested that MSCs are effective in modulating T
cells phenotypically in co-cultures.

Based on this, we anticipated that these MSCs might
tweak T cells functionally as well. To substantiate this,
we analyzed both Th1/Th2 and Th1/Th17 ratios as indi-
cators of overall immune responses. In line with this
and following our hypothesis, co-culture of MSCs"*?/
MSCsHYP=APO/MSCsHYPHAPO yith T-cell reduced the
Th1/Th2 ratio and enhanced the Th1/Thl7 ratio com-
pared to control, suggesting that these MSCs can polar-
ize Thl to Th2 and inhibit Th17 response in the direct
co-culture system. Similarly, we observed that both BM-
MSCs"P*+APO and WJ-MSCs™PHAFO (10,056 vs. 5.214;
p 0.0004) caused a significant decrease in Th1/Th2 ratio
compared to sequentially generated counterparts (17.438
vs. 13.416; p 0.0038) (Fig. 4B, S6). Additionally, a signifi-
cant increase in the Th1/Th17 ratio was observed with
BM-MSCs™"P*4PO and  WJ-MSCs™ AP0 (7,008 vs.
5.132; p<0.0001) compared to their sequentially gener-
ated apoptotic MSCs™YP=APO (3,04 vs.1.836; p<0.0001),
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Fig.3 Effect of hypoxia-preconditioned MSCs (MSCs™"" MSCsHYP AP0, MSCsHYP+APO) on the proliferation of aGVHD patients derived T cells. The bar graph
represents (A) the percentage of CD3* CFSE* proliferating T cells (n=5). (B) the ratio of CD4*/CD8" T cells (n=5) in the direct co-culture of MSCs and T
cells. Data shown represent the Mean + S.D of 5 independent experiments performed with PBMNCs derived from 5 different donors (biological replicates),
with each experiment conducted in triplicate (technical replicates). Statistical analysis: Tukey’s multiple comparisons test; **<0.01; ****<0.0001. Abbrevia-
tions: BM: Bone marrow; WJ: Wharton’s Jelly; MSCs: Mesenchymal Stem Cells; HYP: Hypoxia-preconditioned; APO: Apoptosis
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Fig.4 Effect of hypoxia-preconditioned MSCs (MSCs™?, MSCs™P AP0 MSCsHP+APO) on the induction of Tregs and polarization of helper T cells from pro-
inflammatory (Th1,Th17) to anti-inflammatory (Th2) phenotype. The Th1 phenotype is marked by CD45RA™ CCR7~ CXCR3* CCR4™ CCR6™ CXCR5™ CCR107,
Th2 is marked by CD45RA™ CCR7~ CXCR3™ CCR4* CCR6™ CXCR5™ CCR10~, and Th17 is marked by CD45RA™ CCR7~ CXCR3*~ CCR4* CCR6" CXCR5~ CCR10™.
The bar graph represents (A) the induction of CD3* CD4* CD25* FOXP3* Tregs (n=5). (B) the ratio of Th1/Th2 (n=5). (C) Th1/Th17 ratio (n=5) in the direct
co-culture of MSCs and T cells. Data shown represent the Mean+S.D of 5 independent experiments performed with PBMNCs derived from 5 different
donors (biological replicates), with each experiment conducted in triplicate (technical replicates). Statistical analysis: Tukey’s multiple comparisons test;
**¥<0.001; ***¥<0.0001. Abbreviations: BM: Bone marrow; WJ: Wharton’s Jelly; MSCs: Mesenchymal stem cells; HYP: Hypoxia-preconditioned; APO: Apoptosis,
Tregs: Regulatory helper T cells, Th: Helper T cells

indicating a shift towards an anti-inflammatory state
(Fig. 4C, S6).

These results showed that both MSCs™" and MSCs
HYP=APO/MSCsMYPFAPO are capable of T-cell program-
ming which indicates one of the potential mechanisms by
which these cells can manipulate host immune responses.

WJ-MSCs"YP+APOyndergo efferocytosis more effi-
ciently and trigger macrophage polarization with a
concurrent increase in the expression of immunomod-
ulatory molecules.

Indeed, T cells are major determinants of an effective
immune response, but they rely on innate immune cells
(macrophages) to maintain immune homeostasis. To
address this, we assessed the phagocytosis of MSCs™'?,
MSCsTYP=APO and MSCsHYPHAPO by macrophages by a
process known as efferocytosis under in vitro settings. To
mimic this in our model, we co-cultured MSCs with mac-
rophages, as described above, and allowed them to phago-
cytize and assessed efferocytosis using flow cytometry.
In line with the hypothesis, our data revealed that mac-
rophages exhibited enhanced efficiency of efferocytosis
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of both MSCs"YP=APO and MSCsMYPHAPO gyver MSC-
st irrespective of tissue origin. Our results demon-
strated that BM-MSCsMYP+APO) and WJ-MSCsHYP+APO)
(58.01% vs. 96.64%; p<0.0001) than BM-MSCsHYP—~APO)
and WJ-MSCsMYP~APO) (47 359 vs. 75.62%; p<0.0001),
thereby explaining the maximum immunomodulation
mediated by WJ-MSCsHYFP+APO) [Fig 5A, S7 (I-1I)]. Fre-
quent apoptosis and uptake of various bacteria/dead
cells carrying neutrophils and/or fibroblast and other
cells by tissue-resident scavenging and CD68" effector
macrophages triggers the release of TGF-f, prostaglan-
dins and other mediators which further promote in situ
polarization of effector immune cells toward their refrac-
tory/anti-inflammatory phenotype. Since we have seen
a Th2 bias in MSCs™TP+APO/MSCsMYP=APO ¢o_cultured
T cells and increased efferocytosis of MSCsMYFP+APO/
MSCs"YP=APO by macrophages, we anticipated a potent
in situ reprogramming of M1 effector macrophages
towards an M2 phenotype. To address this, we analyzed
the M1/ M2 phenotype of the macrophages which were
co-cultured with MSCs"YP/MSCsMYP+APO/MSCsHYP=APO,
and a panel of Th1/Th2 effectors in the direct co-culture
of MSCs™F/MSCsM"P*+APO/MSCs"P=AFO with CD3* T
cells.

In line with our hypothesis, our data demonstrated a
significant polarization of the M1 (iNOS* Arginase-17)
macrophages toward the M2 (iNOS™ Arginase-17) phe-
notype with MSCsHYP+AP0) compared to MSCsHYP~AFO)
in both BM-MSCs (2.536 vs. 5.818; p 0.0010) and W7J-
MSCs (0.757 vs. 3.822; p 0.0024), evident by a decrease
in the M1/M2 ratio [Fig. 5B, S8 (I-1I)]. Furthermore, our
experiments provided clear evidence that the co-culture
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of WJ-MSCs"YP*APO and T cells enhanced the expres-
sion of immunomodulatory molecules (IDO, PGE2)
that counteract Thl effector cytokines. This approach
inhibited the expression of Thl effectors (IL-1f, IL-12f,
TNF-aq, IL-6) and enhanced the expression of Th2 effec-
tor cytokines (IL-10), demonstrating immune metabolic
programming of effector immune cells (Fig. 6A-H).

Discussion

Recent studies indicate that MSCs undergo apoptosis
after administration due to interactions with the host’s
immune effector cells which leads to the immune modu-
lation of the host [4, 38]. In this context, our study shed
new light on how the preconditioning of MSCs with
short-term hypoxia (1% O,) and inducing apoptosis can
enhance the immunomodulatory potential of MSCs
(BM-MSCs, and WJ-MSCs).

Our results indicated that preconditioning of MSCs
with hypoxia (1% O,) for 24 h does not affect the fibro-
blast-like spindle-shaped morphology of MSCs, which
is consistent with the previous findings [39]. However,
several studies demonstrated that hypoxia maintained
the expression of negative markers (CD34, CD45, HLA-
II) with a variable impact on the expression of positive
markers (CD105, CD73, CD90, CD29, HLA-I) [40-42].
In contrast, few studies reported that a hypoxic environ-
ment did not confer a significant change in surface profile
[43]. In this line, we also observed that a short exposure
of MSC to hypoxia did not cause any change in surface
markers on MSCs. Multiple studies revealed that hypoxia
enhances the clonogenic potential of MSCs (W], adi-
pose tissue) [43, 44]. However, our observations revealed

3 *% I**** * %k
I T } i r T 1

T

-
o,
]

L

-
o
1

M1(iNOS*)/M2 (Arginase-1*) ratio
(3,
1

o
-

Fig. 5 Effect of hypoxia-preconditioned MSCs (MSCs™*" MSCsHP—APO MSCsHP+APO) on the efferocytosis of MSCs and macrophage polarization from
proinflammatory (M1) to anti-inflammatory (M2) phenotype. The bar graph represents (A) efferocytosis of MSCs by macrophages (n=5). (B) the ratio
of M1 MO/M2 M in the co-culture of MSCs and M1 M® (n=5). Data shown represent the Mean+S.D of 5 independent experiments performed with
PBMNCs derived from 5 different donors (biological replicates), with each experiment conducted in triplicate (technical replicates). Statistical analysis:
Tukey's multiple comparisons test; *<0.05; **<0.01; ***<0.001; ****<0.0001. Abbreviations: BM: Bone marrow; WJ: Wharton's Jelly; MSCs: Mesenchymal stem

cells; HYP: Hypoxia-preconditioned; APO: Apoptosis; M®: Macrophages
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Fig. 6 Effect of hypoxia-preconditioned MSCs (MSCsH'" MSCs™"P AP0 MSCsHP+APO) on the relative expression of immunomodulatory molecules and
cytokines. The bar graphs represent the relative mRNA expression of (A) IDO. (B) IFN-y. (C) PGE2. (D) IL-6. (E) IL-10. (F) IL-1B. (G) IL-12f. (H) TNF-a in the
direct co-culture of MSCs and aPBMNCs derived from aGVHD patients (n=5). Data shown represent the Mean+S.D of 5 independent experiments per-
formed with PBMNCs derived from 5 different donors (biological replicates), with each experiment conducted in triplicate (technical replicates). Statistical
analysis: Tukey’s multiple comparisons test; *<0.05; **<0.01; ***<0.001; ****<0.0001. Abbreviations: BM: Bone marrow; W.J: Wharton's Jelly; MSCs: Mesenchy-
mal stem cells; HYP: Hypoxia-preconditioned; APO: Apoptosis; IDO: Indoleamine 2,3 dioxygenase; PGE2: Prostaglandin E2; IFN-y: Interferon-y; IL: Interleukin; TNF-a:

Tumor necrosis factor-a

differences in PDT with no variation in BM-MSCs while
a significant difference was observed in WJ]-MSCs, con-
sistent with previous findings [35, 45]. The observed
variations across the studies are probably due to the
result of diverse protocols employed [RBC lysis [46],
explant culture, enzymatic digestion [47]], variations in
culture media compositions [48, 49], oxygen levels [43,
44], and the inherent heterogeneity among donors [50].
Notably, there was no difference in the differentiation of
MSCs into mesodermal lineages (adipogenic, osteogenic,
and chondrogenic) across both culture conditions (nor-
moxia, hypoxia) in contrast to previous studies which
demonstrated that hypoxia reduced the differentiation of
MSCs into adipogenic, osteogenic lineages while increas-
ing their differentiation into the chondrogenic lineage
[51, 52]. Moreover, human osteogenic differentiation is
regulated by complex molecular interactions, including
epigenetic regulation by circRNAs and IncRNAs. Cir-
cRNAs modulate osteogenesis by acting as competitive
endogenous RNAs to prevent miRNA inhibition of tar-
get genes [53], while IncRNAs interact with miRNAs to
affect mRNA functionality [54].

Interestingly, MSCs™" had higher expression of
HIF-1a from 6 to 12 h followed by a decline in their

expression from 24 to 48 h at both gene and protein levels
consistent with our previous findings [35]. We observed a
significant alteration in the morphology of hypoxia-pre-
conditioned apoptotic MSCs similar to the others [7, 55,
56] without any change in their surface profile, which was
not reported earlier.

Several studies reported that hypoxia-preconditioned
MSCs had a profound effect on the suppression of T-cell
proliferation [42, 57], induction of CD4* regulatory T-cell
[58], and modified T-cell polarization [22] toward the
anti-inflammatory milieu in GVHD which is also related
to an increase in the apoptosis of MSCs [59]. Similarly,
we observed that MSCs™"" exhibited greater efficiency
in modulating the immune system in an in vitro aGVHD
model.

To the best of our knowledge, none of the studies have
looked into the combined effect of hypoxia and apopto-
sis. Our study reports contrasting immunomodulation
of MSCs preconditioned with hypoxia only versus both
(hypoxia and apoptosis). Dual-preconditioned MSCs
(MSCsHYPHAPO N[ CsHYP=APO) jhduce the differentiation
of effector CD4+T cells into Tregs. This enhanced immu-
nomodulatory potential is further evidenced by their
ability to shift pro-inflammatory T-cell subsets towards
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an anti-inflammatory phenotype, as seen in changes to
the Th1/Th2 and Th1/Th17 ratios, and to program mac-
rophages toward an M2 phenotype. Nonetheless, the
concurrent approach exhibits superior efficacy of dual
preconditioned MSCs in immunomodulation than the
sequential one. Similarly, preclinical studies have dem-
onstrated that apoptotic MSCs are more effective in pro-
moting immune suppression [5], It has been shown that
the mode of administering apoptotic MSCs significantly
reduces effector cell infiltration in aGVHD murine mod-
els without inhibiting T cell proliferation in vitro [4].

The impact of immunomodulation could also be
driven by efferocytosis of MSCs. We observed that
MSCsMYPHAPO exhibit greater efficiency in their efferocy-
tosis than MSCsHY?~APO_This process is often associated
with the secretion of immunomodulatory molecules,
although specific measurements were not performed in
this study. Previous findings revealed that efferocytosis of
the apoptotic MSCs by macrophages contributes to the
programming of macrophages towards an M2 phenotype
with increased secretion of immunomodulatory mol-
ecules such as PGE2, IDO, IL-10, PD-L1, and a concur-
rent decrease in IFN-y, TNF-a, NO production, resulting
in alleviation of inflammation with immune metabolic
alterations [5-8, 10, 60, 61]. These findings point towards
effective control of GVHD while preserving graft-versus-
leukemia (GVL), although no direct evidence was pro-
vided in the study.

Interestingly, our observations revealed differences in
PDT with no variation in BM-MSCs while a significant
difference was observed in WJ-MSCs under both culture
conditions. Preconditioned WJ]-MSCs maintain their
superiority for immune programming over BM-MSCs in
all conditions (HY® HYP—=APO, HYP+APO) " Eyrthermore, we
observed that MSCs maintain their parental identity and
immunomodulation potential despite their precondition-
ing, summarized in Table S2.

Despite the promising in vitro findings of our study,
several limitations must be acknowledged. Firstly, the
lack of in vivo validation is a significant constraint, as
the complex interactions within a living organism can-
not be fully captured in vitro. Future studies should
utilize animal models of aGVHD or other immune-
mediated conditions to confirm the efficacy and safety of
hypoxia-preconditioned apoptotic MSCs (MSCsTYP=APO,
MSCsMYPHAPO) - Secondly, while we hypothesized that
efferocytosis leads to the secretion of immunomodula-
tory molecules, we did not perform direct measurements
of these factors. Comprehensive profiling of cytokines
and other soluble mediators in future studies will be
essential to validate this aspect of our findings. Addition-
ally, the specificity of our patient samples to aGVHD lim-
its the generalizability of our results. Comparative studies
involving healthy donors and other patient populations
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are necessary to determine the broader applicability
of our conclusions. Although we observed enhanced
immune programming abilities in hypoxia-precondi-
tioned apoptotic MSCs, the precise molecular mecha-
nisms underlying these effects remain unclear. Further
research should focus on elucidating these mechanisms,
including the role of hypoxia-inducible factors (HIFs),
apoptosis-related pathways, and RNA molecules in mod-
ulating MSC function.

Moreover, an important limitation of our study is the
lack of investigation into the plasticity of Tregs within
our co-culture system. The majority of CD4+T cells
may have converted to Tregs under the described condi-
tions, the observed Th1/Th2 and Th17 phenotypes could
predominantly reflect Treg subtypes rather than con-
ventional Thl, Th2, or Th17 cells [62—-64]. Future stud-
ies should explore the plasticity of Tregs under these
conditions to determine whether these phenotypes are
attributable to Treg subtypes, thereby providing a more
comprehensive understanding of the immune modula-
tion observed.

Conclusion

Preconditioned MSCs have the potential to increase their
therapeutic efficacy in GVHD. In previous clinical trials,
non-conditioned BM-MSCs have been used that suffer
the lack of responsiveness in certain patients which is
linked to their inadequate apoptosis followed by efferocy-
tosis, potentially stemming from a deficiency in immune
cells capable of inducing apoptosis in MSCs [7]. This can
be improved by dual (hypoxia and apoptosis) precondi-
tioning of MSCs, preferably concurrently. Our findings
highlight that WJ-MSCs™?+APO js a promising thera-
peutic strategy for GVHD following BMT. However, fur-
ther preclinical in vivo and clinical studies are warranted
to validate these findings and optimize the protocols for
MSCs-based cellular therapy in GVHD.
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Th Helper T cell

MTT 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide

CFSE Carboxyfluorescein succinimidyl ester

PHA Phytohemagglutinin

IL Interleukin
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