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Abstract

Mesenchymal stem cells (MSCs) have been widely used as functional components in tissue engineering. However, the immunogenicity and
limited pro-angiogenic efficacy of MSCs greatly limited their pro-regenerative ability in allogenic treatment. Herein, utilizing a chemically defined
cocktail in the culture system, including cytokines, small molecules, structural protein, and other essential components, we generated the
immunoprivileged and pro-angiogenic cells (IACs) derived from human adipose tissues. Conventional adipose-derived MSCs (cADSCs) were
used as a control in all the experiments. IACs show typical MSC properties with enhanced stemness capacity and a robust safety profile. IACs
induce a significantly milder immune response of allogenic peripheral blood mononuclear cells in an H3K27me3-HLA axis-dependent manner.
IACs, through superior paracrine effects, further promote nitric oxide production, anti-apoptotic ability, and the tube formation of human vein en-
dothelial cells. Embedded in a photo-reactive hydrogel (Gel) termed as GelMA/HA-NB/LAP for tissue engineering treatment, IACs promote faster
tissue regeneration in a xenogeneic full-thickness skin defect model, eliciting a milder immune response and enhanced blood vessel formation
in IACs-treated defect areas. Together with its excellent pro-regenerative potential and robust safety, our findings suggest that IACs may be a
promising candidate for clinically relevant stem cell and tissue engineering therapeutics.
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Introduction

Mesenchymal stem cells (MSCs) have the ability to promote
tissue repair and/or alleviate tissue impairment by “hit-and-
run” survival and regulation."? Albeit having been clinically
tested as treatment modalities for many diseases such as os-
teoarthritis and graft versus host disease (GVHD),? the ther-
apeutic effects of MSCs are still limited and unsatisfactory.
MSCs display an immunomodulatory capacity by suppressing
the immune response both in vitro and in vivo.> Nevertheless,
allogenic MSCs (allo-MSCs) are also considered immunogens.
Allo-MSCs are not as immunogenic as allogenic fibroblasts and
hematopoietic stem cells (HSCs),"* but they can stimulate the
proliferation and infiltration of immune cells, which will sub-
sequently attack and eliminate the targeted allo-MSCs.*¢ This
would lead to another drawback of using allo-MSCs, which
is the establishment of T-cell memory upon initial exposure of
allo-MSCs, rendering the repetition of allo-MSCs treatment
more challenging.” Previous studies reported that increasing
the number and promoting the retention of MSCs would en-
hance the regenerative effects.>® Therefore, reducing the im-
mune rejection of MSCs by decreasing their immunogenicity
may also be a good way to improve the functionality of MSCs.
On the other hand, within the short survival period of
allo-MSCs, they have shown the ability to promotes the for-
mation of blood vessels by the paracrine of pro-angiogenic
factors.”!® For instance, MSCs have been reported to en-
hance the tube formation of human umbilical vein endo-
thelial cells (HUVEGCs) in vitro; preserve capillary density
for alleviating the myocardial infarction-induced impair-
ment; and promote the formation of blood vessels for skin
wound repair by secretion of pro-angiogenic factors.>!'* Since
neovascularization is a key step in the process of tissue regen-
eration, promoting angiogenesis will often accelerate tissue
regeneration.'>!2 Further enhancing the pro-angiogenic
ability of MSCs should be a strategy for fast tissue repair. A
previous study reported that enhancing the pro-angiogenic
ability of MSCs by adenovirus-mediated N-Cadherin gene
transduction further promote heart repair.” However, the
cells modified by virus and treated with undefined factors
are difficult for clinical use. Therefore, there still remains an
intriguing challenge in the immunogenicity reduction and the
pro-angiogenic ability reinforcement of MSCs in a safe way.
Herein, we assumed that utilizing a chemically defined cul-
ture system, the factors in which could not only support cell
expansion but also empower cells in angiogenic ability and/
or immunogenicity would be a secured way to tackle both
challenges in cell function and safety. Bone marrow-derived
MSCs (BMSCs) and adipose-derived MSCs (ADSCs) are
the most frequently used MSCs in clinical trials."* Between
these 2 MSC populations, ADSCs have been previously re-
vealed to exhibit higher pro-angiogenic capability and lower
immunogenicity, respectively.'>'* Therefore, human adipose
tissues were used as a cell source and conventional ADSCs
(cADSCs) were used as a control. In this study, we generated
the immunoprivileged and pro-angiogenic cells (IACs) by
utilizing the chemically defined cocktail as their culture me-
dium. The cultured IACs display a typical MSC phenotype
while exhibiting lower immunogenicity and higher pro-
angiogenic capacity. Owing to the abovementioned charac-
teristics, the IACs we generated successfully further promoted
tissue regeneration in a full-thickness skin wound model
when cells are incorporated into a photo-reactive hydrogel
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termed as GelMA/HA-NB/LAP (Gel) developed in our pre-

vious studies.'’-!

Materials and Methods

Culture System for IACs

Besides using DMEM/F12 (Gibco) as a basal medium, other
13 kinds of chemically defined cocktail factors (13F) included
1x Insulin-Transferrin-Selenium (ITS; Gibco, 41400-045),
0.1% lipid concentrate (Gibco, 11905-031), 2 ng/mL TGF-
B1 (Peprotech, AF-100-21C), 5 ng/mL bFGF (Peprotech, 100-
18B), 10 ng/mL PDGE-AB (Peprotech, 100-00AB), 10 ng/
mL PDGF-BB (Peprotech, 100-14B), 1 pg/mL fibronectin
(Novoprotein, CH38), 197.6 pM vitamin C (Sigma, A8960),
55.9 uM putrescine (Sigma, P5780), 17.8 nM progesterone
(Selleck, S1705), 100 nM hydrocortisone (Selleck, $1696), 10
pg/mL heparin sodium (Selleck, S1346), and 1.722 g/L so-
dium bicarbonate (NaHCO,, Gibco, 25080-094).

Cell Passage and the Inhibition of H3K27me3

cADSCs were cultured with “L-DMEM + 10% FBS + 1% P/S”
while TACs were cultured with “DMEM/F12 + 13F”. When
the cells reached 80-90% confluence, they were digested in
preheated TrypLE (Gibco) at 37 °C. After centrifugation, the
cells were resuspended and seeded at different densities ac-
cording to different experimental needs. In this study, cells
at P3 and PS (cells that have been digested 3 and 5 times,
respectively) were used for experiments. For the inhibition of
H3K27me3, 10 uM EPZ-011989 (Selleck) was added into the
culture medium 96 hours before experimental tests.

Co-culture with PBMCs

Peripheral blood mononuclear cells (PBMCs) were isolated
from peripheral blood of healthy donors using Ficoll-Paque
PLUS (GE Healthcare) according to our previous protocol.* To
verify the immunosuppressive functions of cADSCs and IACs,
isolated PBMCs were stained with CFDA-SE (Beyotime). Next,
the PBMCs were stimulated by 100 ng/mL lipopolysaccharide
(LPS; Sigma) and then co-cultured with cADSCs or IACs in
a 24-well plate. The proliferation of PBMCs was analyzed by
FACS at day 3. To test the simulative effects of cADSCs and
IACs to PBMCs, the PBMCs were not stimulated by LPS and
were co-cultured with the MSCs for 12 days. The supernatants
were used for ELISA testing while the cADSCs and TACs were
used for viability assay by CCK8. The PBMC culture medium
composed of RPMI 1640 (Gibco), 10% FCS, 1% P/S, 50 uyM
2-mercaptoethanol (Millipore), 1 mM sodium pyruvate (Gibco)
and 1 x L-glutamine (Gibco). To produce FCS, FBS was heated
to 56 °C for 30 minutes to inactivate the complements.

Tube Formation Assay

The conditioned media (CM) of cADSCs (cADSCs-CM)
and IACs (IACs-CM) were produced by culturing corre-
sponding cells with L-DMEM for 24 h. HUVECs cultured
with cADSCs-CM and TACs-CM were used in different
experiments. For the tube formation assay, 100 pL Matrigel
(BD Biosciences) was added to each well of a 48-well plate and
then polymerized at 37 °C for an hour before experiments.
The HUVECs were resuspended and seeded onto the pre-
heated Matrigel at a density of 60 000/cm? and incubated for
4-6 h. Tube formation was observed under an inverted micro-
scope and quantified by Image].
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HUVEC Activation and Detection of NO Production

The activation of HUVECs was performed by referencing a
previous study with slight modifications.® Briefly, HUVECs
were treated with L-DMEM containing 100 ng/mL TNF-a
for 24 h. Next, the activated HUVECs (aHUVECs) were
treated with corresponding CM for another 24 h and then
were used for the assay. For the detection of NO produc-
tion, 3-amino,4-aminomethyl-2’,7’-difluorescein  diacetate
(DAF-FM, Beyotime) test was performed according to the
manufacturer’s instruction.

Synthesis of the Gel

GelMA/HA-NB/LAP (Gel), composed of gelatin methacrylate
(GelMA), N-(2-aminoethyl)-4-(4-(hydroxymethyl)-2-methoxy-
S-nitrosophenoxy) butanamide (NB) linked hyaluronic acid
(HA-NB) and trimethylbenzoylphosphinate (LAP), was
synthesized and stored as we described previously.'"'* The final
concentration of GelMA, HA-NB and LAP are 5%, 1.25%,
and 0.1% (m/v), respectively. For in vitro cytocompatibility
assay and in vivo test in the animal model, the cells were
harvested, centrifuged, and resuspended in the Gel solution at
the concentration of 2 x 10%/mL and 1 x 107 mL-!, respectively.

Full-Thickness Skin Wound Model

All animals were treated according to the guidelines approved
by the Zhejiang University Ethics Committee (Z]JU20210054).
Eight-week-old SD male rats were used in this study. A full-
thickness skin wound model was established as previously
described." Briefly, 32 rats were randomized and divided
into 4 groups: spontaneous repair (control), the addition
of GelMa/HA-NB/LAP (Gel), the addition of the Gel and
cADSCs at P3 (Gel + cADSCs), and adding the Gel and IACs
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at P3 (Gel + IAGCs). Circular skin defects with 10 mm in di-
ameter were generated on the back of the anesthetized rats,
using a perforated biopsy instrument with a moderate force.
Then, the Gel solution or the mixture of the Gel and the cells
was dripped and filled into the corresponding defects. After
illumination with 365 nm UV light for 6-8 s, the gel solution
transformed from viscous liquid to tissue-adhesive hydrogel.!!
After the surgery, all the wounds were covered by commer-
cially available transparent film dressing (Tegaderm Film, 3 M,
MN). To quantitively evaluate the wound healing efficacy, the
rats were placed alongside the metric scale, and their wounds
or scars were being photographed on day 0, day 7, and day 21.
The wound area was analyzed using Image]J software.

Statistical Analysis

All data are expressed as mean = SEM. Statistical analysis
was performed using GraphPad Prism 8.0 statistical soft-
ware. Statistical comparisons were calculated using #-test (2
groups) or ANOVA (multiple groups). A P-value of <.05 was
considered statistically significant.

Results

Generation of IACs

In this study, we aimed to generate MSCs with lower im-
munogenicity and enhanced angiogenesis, and several
factors that could empower these functions were selected
as candidates (Supplementary Table S1). To fulfill safety
requirements, we could only utilize chemically defined
factors to achieve cell expansion. First, 2 basal media were
compared by assessing cell viability on day 1 and day §
(Fig. 1A). Compared to cells grown in L-DMEM, those in
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Figure 1. Screening of culture factors. (A) Screening of essential components (n = 4). (B) Screening of growth factors. “E" represents essential
components including Insulin-Transferrin-Selenium (ITS) and NaCO, (n = 4). (C and D) Screening of small molecules. “G" represents growth factors
including bFGF, TGF-B1, PDGF-AB, and PDGF-BB. S1 represents part of small molecules including lipid concentrate (lipid), hydrocortisone (hycort), and
progesterone (prog) (n = 4). (E) Screening of adhesive factors. S2 represents other parts of small molecules including putrescine (put), vitamin C (Vit C),

and heparin sodium (heparin). FN represents fibronectin (n = 4). **P < .01.
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DMEM/F12 showed relatively higher viability on day 5.
After adding ITS and NaHCO, into DEME/F12, cell via-
bility kept stable during the 5-day culture. Based on the
basal medium with the essential components (ITS and
NaHCO,), growth factors were screened by assessing cell
viability at day 5. The combination of PDGF-BB, TGF-f31,
bFGE, and PDGF-AB showed the best effect (Fig. 1B). Then,
small molecules were screened. A combination of lipid
concentrate (lipid), hydrocortisone (hycort), progesterone
(prog), putrescine (put), heparin sodium (heparin), and vi-
tamin C (Vit C) were verified most efficient to promote cell
proliferation (Fig. 1C, 1D). Finally, fibronectin (FN) was
coated to further improve cell viability (Fig. 1E). The de-
tailed information for all the factors was provided in the
method part and Supplementary Table S1.

IACs were derived from primary human ADSCs by
culturing the cells with DMEM/F12 supplied with these 13
factors (13F), while cADSCs were cultured with the con-
ventional medium. At least 3 TACs lines were generated for
in vitro experiments. The population doubling time (PDT)
of TACs and cADSCs was comparable from P1 to P5 (Fig.
2B); the positive rate of Ki67 expression also demonstrated
no significant difference at both P3 and PS5 (Supplementary
Fig. S1A), indicating that the proliferation rates between the
2 groups are comparable.

IACs Display Typical MSC Properties with Higher
Stemness

In most cases, the MSCs used in regenerative medi-
cine are ranged from passage 3 (P3) to passage 5 (P5).
Therefore, IACs at P3 and PS5 were used for our in vitro
experiments (Fig. 2A). IACs manifested a typical spindle-
like morphology (Fig. 2E), and a significantly decreased
cell area with a relatively higher nuclear-to-cytoplasm
ratio compared with those of ¢ADSCs (Fig. 2E and
Supplementary Fig. S1B).

Next, we analyzed the typical MSC properties of TACs,
which include the ubiquitous surface markers and tri-lineage
differentiation capacity. Similar to cADSCs, more than 95%
of TACs were stained positive for CD90, CD73, and CD103,
and less than 2% IACs were stained positive for CD34,
CD45, CD31, and CD144 (Fig 2C and D and Supplementary
Fig. S2). After osteoinduction, the calcium deposition and the
expressions of osteogenic markers, Runx2 and ALP, were sig-
nificantly higher in the IAC group compared with the cADSC
group at both passaging stages (Fig. 2F, Supplementary Fig.
S3A and B). Despite having larger and thicker chondrogenic
pellets in the IAC group, both the glycosaminoglycan (GAG)-
to-DNA ratios and the expression levels of chondrogenic
markers (Sox9 and ACAN) failed to reveal significant
differences between the IAC group and cADSC group at both
P3 and PS5 (Fig. 2G, Supplementary Fig. S3C and D). As for
adipogenesis, we found that there were a significantly higher
amount of lipid formation and higher expression levels of
adipogenic markers (PPARg and LPL) in IACs than those of
cADSCs at P3, while showing no significant difference at P5
(Fig. 2H, Supplementary S3E and F). Besides, compared with
cADSCs, IACs displayed enhanced colony formation ability
and elevated C-myc expression at both mRNA and protein
levels at P3 and PS5 (Fig. 21 and J and Supplementary Fig. S4).

In general, IACs display typical MSC properties and dis-
play enhanced stemness capacity compared with cADSCs.
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RNA-seq Analysis of cADSCs and IACs

To find the difference of gene expression profile between
IACs and cADSCs, RNA-seq was performed in the 2 groups.
KEGG analysis revealed the upregulation of Akt pathway,
FAK pathway and PPAR pathway in IACs at both P3 and
PS5 in addition to the upregulated cell metabolism (Fig. 3A
and B). The upregulation of these 3 pathways is related to
the enhancement of stemness capacity and pro-angiogenic
capability.'®2° Western blot (WB) analysis proved the results.
Relative expressions of key proteins in the Akt pathway,
p-Akt, p-PI3K, and p-mTOR, were higher in IACs than those
of cADSCs (Fig. 3C). Likewise, the relative levels of key
proteins in the FAK pathway, which includes ITGB1, p-Src,
and p-FAK, were also higher in IACs (Fig. 3D). In the PPAR
pathway, relative expression levels of FABP1 and PPARd were
also significantly higher in IACs while PPARg was lower in
IACs (Fig. 3E). In contrast with FABP1 and PPARd, PPARg
plays an important role in adipogenic differentiation,*' a
lower level of PPARg hence translate into higher stemness.
Besides, it is worth noting that previous studies have widely
linked higher stemness with lower immunogenicity.»?2-27
Although the immunogenicity-related terms were not ranked
in the top 10 in KEGG analysis, key genes that determine
the immunogenicity, including those that encode for MHC
class I complexes (B2M and HLA-C) and IFN-gamma re-
sponse factors (IRF1 and IRF6),>” were downregulated in
IACs as observed in the RNA-seq data (Fig. 3F). Taken to-
gether, these results reinforce the possibility that IACs display
higher stemness, lower immunogenicity and enhanced pro-
angiogenic ability compared to cADSCs (Fig. 3G).

IACs Display Lower Immunogenicity

Given the low expressions of key genes that are related to
immunogenicity in RNA-seq data and because IACs display
higher stemness, we then investigated the immunogenicity
of IACs. HLA-ABC plays a key role in triggering immune
response while HLA-G functions in immune tolerance.*%28
Our immunofluorescence (IF) assays showed that the ex-
pression of HLA-ABC was significantly lower while the
expression of HLA-G was higher in IACs compared with
cADSCs (Fig. 4A and B). Similarly, the relative mRNA levels
of HLA-A, HLA-B, HLA-C, and B2M loci were lower in the
TAC group while the mRNA levels of HLA-G were higher in
the IAC group compared with those of cADSCs (Fig. 4C and
D). Albeit showing comparable abilities to inhibit the prolif-
eration of LPS-stimulated allogenic PBMCs (Supplementary
Fig. S5), both TACs and ¢ADSCs can serve as immunogen
as they would stimulate a higher secretion of inflammatory
factors of unstimulated PBMCs as relative to the PBMC
alone group (Fig. 4F). After the cells were co-cultured
with unstimulated allogenic PBMCs (Fig. 4E), the TNF-a
and IFN-y contents were higher in the co-culture system
containing PBMCs and cADSCs than those in the system
containing PBMCs and IACs (Fig. 4F). As allogenic PBMCs
would kill the co-cultured MSCs,’ the cell viabilities of IACs
and cADSCs were also measured after the co-culture. IAC
group showed significantly higher cell viability than those
of the cADSC group 12 days after the co-culture (Fig. 4G),
indicating that the PBMC-mediated cytotoxicity for IACs is
milder.

We next further investigated the underlying mechanism
of how IACs display lower immunogenicity. A previous


https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac016#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac016#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac016#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac016#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac016#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac016#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac016#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac016#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac016#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac016#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac016#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac016#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac016#supplementary-data

556

Passaged 3 times

A

Stem Cells Translational Medicine, 2022, Vol. 11, No. 5

Passaged 2 times

IACs-P3 IACs-P5
DMEM/F12+13F DMEM/F12+13F
Adipose tissues — Primary cells
DMEM+FBS DMEM+FBS
cADSCs-P3 - cADSCs-P5
Passaged 3 times Passaged 2 times

C cADSCs (P3) IACs (P3)

° CD73 CD105 CD90 CD34 CD45 CD73 CD105 CD90 CD34 CD45
BT RS el | o = | R e i’i?l “
€. i A Il f [ f

2 | ') i f ‘

o \H\ & i | | ( |

g 4L O ] | | | | | L = i T

=P |7 = A | | J \ g /

£ ol o 70 |

sl

PE PE APC APC PE PE PE PE

D cADSCs (P5) IACs (P5)

° CD73 CD105 CD90 CD34 CD45 CD73 CD105 CD90 CD34 CD45

'é = ".i Fe- {\»ﬁ_;i o . | -J k= = eon ,,,\ e - B
e’ i | / |

3 | | : 11

% B “\ \ J— “ \“ J B A b | |1, J—F

I N | | -

PE PE APC APC PE PE PE APC APC
E Morphology F Osteogenesis
cADSCs IACs IACs

CADSCs

IACs

P5

G Chondrogenesis
cADSCs IACs
1. N.S.
P3 S 7
S 1.
8 1.
2,
P5 o

P3

Colony formation
IACs

Relative clone number

PS5 P3

. gor ’*
o0 — 1.7
QO ©
g S lp o CADSCs
o O 10
2 g 0.7 = 1ACs
)U> =
o o 02
- o oo
P3 P5
Adipogenesis
D 2
=)
CIcADSCs g .
EIACs 8«
O
2o
E .
@D 0.
['4
P5
J C-Myc protein level
cADSCs IACs
*k D 257 wkx "
>
[_ . 250 |_
CcADSCs ER-IE 01 cADSCs
= IACs S 2., = IACs
> 2
4 Enu
s © P3 P5

Figure 2. The typical properties of IACs. (A) Schematic illustration of the generation of IACs. (B) Population doubling time (PDT) for IACs and cADSCs
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study has reported that a high level of H3K27me3 would
keep the HLA-ABC expression level low.?” Several studies
also underline the fact that the elevated H3K27me3 expres-
sion level is contingent on the upregulation of both the Akt
pathway and the FAK pathway.?° In our study, we used
an H3K27me3 inhibitor (H3K27me3i) to downregulate the
H3K27me3 protein levels (Fig. 4H). As a result, the HLA-
ABC expression levels in TACs + H3K27me3i group were
significantly higher than those of the IAC group (Fig. 41 and
J). Consequently, when IACs were co-cultured with PBMCs,
the inhibition of H3K27me3 reversed the lower secretion
levels of inflammatory factors in the IAC group and reversed
the PBMC-mediated milder cytotoxicity towards IACs (Fig.
4K).

Therefore, IACs display lower HLA-ABC levels and induce
milder inflammatory response and cytotoxicity of PBMCs.
These properties of IACs attribute, at least partly, to a higher
expression of H3K27me3.

IACs Display Enhanced Pro-angiogenic Capability

Angiogenesis is an important process during wound healing
and both our RNA-seq and WB analysis have shown that IACs
displayed some upregulated pathways that are related to angi-
ogenesis (Fig. 3). From this perspective, we compared the pro-
angiogenic capability of IACs and cADSCs (Fig. 5A). From

RNA-seq data, some pro-angiogenic genes in the IAC group
were observed to be upregulated at both P3 and PS5 (Fig. 5B).
Besides, the IAC group showed significantly higher mRNA
and protein expressions of 2 important pro-angiogenic factors,
namely HGF and MMP-13’ (Fig. 5Aa, C, and D). VEGF expres-
sion at both levels was comparable (Fig. 5Aa and Supplementary
Fig. S6). On the contrary, IACs showed significantly lower ex-
pression of PAIl, an anti-angiogenic factor,’! at both mRNA
level and secreted protein level (Fig. 5Aa, SE). To further confirm
the enhanced pro-angiogenic capacity of IACs by their paracrine
effects, the conditioned media of IACs (IACs-CM) and cADSCs
(cADSCs-CM) were used to culture HUVECs. Tube formation
assay showed that IACs-CM significantly promotes the tube for-
mation of HUVECs compared with those of cADSCs-CM (Fig.
5AD, 5F). eNOS gene mediates nitric oxide (NO) production and
NO is responsible for pro-angiogenic functions of endothelial
cells. Under an inflammatory environment, where the HUVECs
were pre-treated with TNF-o (aHUVEGCs),* the TACs-CM
contributed to a significant upregulation of the expression of
eNOS at both protein (Fig. 5Ac, 5G) and mRNA levels (Fig. SAc
and Supplementary S7A) and NO production in HUVECs (Fig.
5Ac, SH and Supplementary Fig. S7B) compared with those of
cADSCs-CM. On the other hand, the enhanced pro-angiogenic
ability of IACs-CM was revealed by the inhibition of aHUVEC
apoptosis. The protein levels of cleaved caspase-3 were lower
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in the IACs-CM group; the protein levels of Bcl2 were higher ~ The Safety Profile of IACs

in the same group compared with those of the cADSCs-CM It is worth noting that overloaded stemness, immune evasion,
group (Fig. SAc, 51). These results denote the fact that INCs show  and angiogenesis may bring tumorigenic risks. Tumorigenicity
enhanced pro-angiogenic ability through their paracrine effects. assays that we performed revealed that neither IACs nor
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cADSCs led to tumorigenicity in nude mice for 28 days,
nor did they form tumor-like clones in soft agar for 16 days
(Supplementary Fig. S8B and D). Conversely, HepG2 (human

hepatocellular carcinomas cell line), as a positive control,
formed tumors in vivo and many tumor-like clones in vitro
(Supplementary Fig. S8B and D). Karyotyping analysis showed
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that there were no chromosome abnormalities in IACs at both
P3 and PS5 (Supplementary Fig. S8A). Among the differential
gene expression profile in IACs, although the upregulated
C-Myc level could be a potential threat that renders IACs on-
cogenic, the mRNA levels of C-Myc in IACs was still less than
1/2% of that in embryonic stem cells (ESCs) (Supplementary
Fig. S8C). On top of that, the expressions of other pluripotent
markers (Oct4, Sox2, and Nanog) were not observed positive
in both cADSCs and IACs while ESCs were positive for these
expressions (Supplementary Fig. S9). Therefore, we conclude
that IACs have a robust safety profile and are eligible for fur-
ther in vivo experiments.

IACs Promote FastTissue Regeneration in a Full-
thickness Skin Defect Model

Given the immunoprivilege and pro-angiogenic ability of
IACs, full-thickness skin defects in rats were used as a model
to explore the regenerative effects of TACs in vivo. Two
IACs lines were used for in vivo study. Our group has pre-
viously developed a strongly adhesive hydrogel (Gel) termed
GelMA/HA-NB/LAP, which is not only able to fix the living
organs through Schiff base reaction upon exposure to UV
irradiation but also promote progressive ingrowth of host
tissues.'""* Therefore, a mixture of the MSCs (P3) and the
photo-reactive Gel was used as a tissue-engineering method
(Fig. 6A). In vitro 3D cell culture showed that more than 95%
of cells were viable at day 1 and day 3 and the cell viability
was increased to more than 1.6 folds for both groups of cells
for 3 days (Supplementary Fig. S10), indicating that the Gel
is cytocompatible enough for loading both groups of cells.
After the surgery, the wound areas in the IAC group were
the smallest on day 7 and day 21 (Fig. 6B, 6D). HE staining
not only illustrated a significantly larger re-epithelialization
area and less infiltrated inflammatory cells in Gel + IACs at
day 7 (Fig. 6E, 6G) but also showed more appendages in this
group at day 21 compared with those of cADSCs + Gel group
(Fig. 6F, 6G). As blood vessels and hair follicles are 2 essential
appendages in the skin for maintaining its normal functions,
the mRNA expressions of markers of the mature blood vessels
(CD31 and a-SMA) and hair follicles (CK15) were meas-
ured at day 21 by RT-qPCR. The Gel + IACs group had the
highest expression levels of all the markers abovementioned
(Supplementary Fig. S11A, S11B, and S11C). These results
suggest that TACs show augmented therapeutic effects on
cutaneous wound healing compared with that of cADSCs.
Besides, both the Gel group and Gel + cADSCs group showed
enhanced wound healing compared to the control group.

IACs Induce a Milder Immune Microenvironment
and a Stronger Pro-Angiogenic Microenvironment
During Wound Healing

As TACs have shown lower immunogenicity and enhanced
pro-angiogenic ability in vitro, we then detected the rela-
tive levels of the inflammatory response and angiogenesis in
the wound area at day 7 to further clarify the mechanisms
of how IACs promote fast tissue regeneration. In consistent
with in vitro experiments (co-culture with PBMCs), more
immunoprivileged IACs, rather than cADSCs, were retained
(Fig. 7B), although both groups of cells were rejected at day
21 (Supplementary Fig. S12). The contents of CD3 and MPO
in the wound area were downregulated at both protein and
mRNA levels in Gel + IACs group compared with those of the
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Gel + cADSCs group (Supplementary Fig. 7C, D, G, H, and
K), indicating that Gel + IACs group induces less infiltrated
T cells and neutrophils, respectively. The CD206 contents in
the wound area were upregulated and the CD11¢ contents
in the wound area were downregulated at both mRNA and
protein levels in Gel + IACs group compared with those of
the Gel + cADSCs group (Fig. 7E, I, and K), indicating that
there are more M2 macrophage (wound healing type) and less
M1 macrophage (inflammatory type) in the wound area of
Gel + IACs group. Besides, the mRNA levels of inflammatory
factors (TNF-a and IL-1p) were significantly decreased in Gel
+IACs group compared with Gel + cADSCs group at this time
point (Supplementary Fig. S11D, S11E). On the other hand,
the contents of CD133 and CD34 in the wound area of Gel
+ IACs group were significantly upregulated at both mRNA
and protein levels compared with those of Gel + cADSCs (Fig.
7F, 7], and 7K), indicating that more EPCs exist in the wound
area of Gel + IACs group. The expression of VEGF was also
significantly upregulated in the wound area of Gel + IACs
group compared with Gel + ¢cADSCs group (Supplementary
Fig. S11F). In general, IACs induce a milder immune microen-
vironment and a stronger pro-angiogenic microenvironment
in vivo.

Discussion

To address the pressing need to safely generate MSCs with
higher regenerative efficiency, our group sought to utilize a
chemically defined cocktail culture system in this study to
lower the immunogenicity of the cells while empowering
their pro-angiogenic ability. As a consequence, the chemical-
empowered [ACs showed typical MSC properties with a
robust safety profile, enhanced stemness capacity, reduced
immunogenicity, and a stronger pro-angiogenic ability.
Compared with cADSCs, they further promote tissue regen-
eration in a xenogenic skin defect model.

First, we reported the generation of IACs by a chemically
defined cocktail. For immunogenicity reduction and pro-
angiogenic ability reinforcement, the cells were treated with
stimulative factors. For achieving the safety requirement, we
used only chemically defined factors in cell culture. Therefore,
as described in Supplementary Table S1 and Materials and
Method, all of the components used in the cell culture could
play a role in supporting cell expansion. Most of these
components could regulate signaling pathways related to the
expression of HLA Class I and/or signaling pathways related
to pro-angiogenesis. To the best of our knowledge, this is
the first study that achieves targeted empowerment of MSC
functions during cell expansion in a safe way. This is similar
to our previous study in which chemical-empowered tendon
stem cells were generated for tissue repair by utilizing several
small molecules.? Interestingly, although many upregulated
genes in IACs were related to proliferation and stemness,
IACs did not display an increased proliferation rate compared
to cADSCs. This might be due to abundant growth factors
and nutrients in FBS.

Then, we reported that IACs displayed lower immunoge-
nicity in an H3K27me3-HLA axis-dependent manner. Our
group has previously found that ESC-derived MSCs sig-
nificantly stimulate the proliferation of allogenic PBMCs
during co-culture at day 3.* However, we did not observe
the effects of ADSCs at this time point (the data are not
shown). This phenomenon further indicates that ADSC
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Figure 6. Xeno-transplantation of IACs with Gel further promotes skin repair. (A) A schematic protocol for skin repair by the cells incorporated in the
Gel. (B) Gross view illustrating the skin regeneration in control, Gel, Gel + cADSCs, and Gel + IACs group at day O, 7 and 21. Scale bar = 2 mm. (C and
D) Quantified skin wound area at day 7 (C) and scar area at day 21 (D) for the 4 groups (n = 4). (E and F) Quantification of relative re-epithelialization area
at day 7 (E) and relative appendage number at day 21 (F) according to histological HaE staining (n = 4). (G) Histological evaluation of the repaired skin by
HE staining. Low magnifications: scale bar = 500 pm. High magnifications: scale bar = 125 pm. Arrowheads indicate the border between normal and
regenerated tissues. Arrows indicate the terminal point of re-epithelialization. *P < .05, **P < .01.

is a low-immunogenic cell type among different MSCs.
Nevertheless, previous studies still found that ADSCs stim-
ulate the secretion of inflammatory factors by PBMCs,
trigger the proliferation of T cells, and induce severe T-cell-
mediated cytotoxicity during long-term co-culture.’** Our
study showed that IACs significantly mitigated the immune
cytotoxicity mediated by allogenic PBMCs, which serves as

a novel candidate for low-immunogenenic MSC. As for the
further mechanism, H3K27me3 can inhibit the transcription
of HLA-ABC in a conserved way in many types of cells, while
the inhibitory effect in conventional MSCs is predicted to be
weak.?” Compared with ¢cADSCs, our study found that the
higher H3K27me3 protein expression level in IACs helped
lowering HLA-ABC expression, thereby providing a new
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Figure 7. The immune microenvironment and angiogenic microenvironment of wound area at day 7. (A) A schematic illustration of the content of Fig.

8. (B) IF staining of human nuclear antigen (HNA) (n = 4). Scale bar = 50 um. Inner scale bar = 12 um. (C-F) RT-gPCR analyzing the markers of CD3 (C),
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potential target to modulate the immunogenicity of MSCs. It
is also noteworthy that, compared with the cADSC group, al-
though the immune response of PBMC in IACs + H3K27me3i
group is slightly lower, the expression level of HLA-ABC in
this group is higher, indicating that other factors also play
a role in the immunogenicity of the cells. We speculate that
the relatively high immunogenicity of cADSCs may also be
correlated with, at least in part, xenogeneic proteins in FBS.>*

Furthermore, we also demonstrated that IACs dis-
play stronger pro-angiogenic ability. Previous studies have
documented the empowerment of the pro-angiogenic ability
of conventional MSCs and MSC-derived exosomes by ge-
netic modification and pretreatment of drugs, respectively.353¢
In our study, we successfully enhanced the pro-angiogenic
ability of ADSCs by utilizing a chemically defined culture.
Yan et al. overexpressed N-cadherin in ADSCs (ADSC-Ncad)
by adenovirus transduction and found that the ADSC-Ncad
further promoted the tube formation of HUVECs by elevated
secretion of HGF, MMP-13, and MMP-10 compared with
cADSCs,” which is similar to the phenomenon that could
be observed in IACs. Moreover, Yan et al also reported that
[-catenin, a key protein in the Akt signaling pathway,” is re-
sponsible for the upregulation of the abovementioned pro-
angiogenic factors.” Other studies also elucidated the role of
the Akt signaling pathway in mediating the pro-angiogenic
ability of MSCs.353¢ We, therefore, considered that, despite
using different methods, these studies and ours are proposing
a similar mechanism, which is that the Akt signaling pathway
plays a pivotal role in the pro-angiogenic ability of MSCs.
As for the effects of the CM on HUVECsS, a previous study
reported that ADSCs modified with P-selectin binding pep-
tide can increase the eNOS expression and NO production
while inhibiting the expressions of the apoptosis-related genes
in aHUVECs compared with the group without the ADSC
treatment,® which is similar with the phenomenon observed
in cADSCs in our study. Interestingly, IACs displayed stronger
effects on these indices compared with cADSCs.

Finally, we have pilot-verified the enhanced regenera-
tive functions of IACs in a full-thickness skin defect model.
By transducting HCMV protein using retrovirus, Soland
et al found that inhibition of HLA-I increases the survival
of human MSCs in liver tissues of fetal sheep.®® Consistent
with such findings, the chemical-empowered IACs in our re-
search also exhibited a higher survival rate compared with
cADSCs while demonstrating lower expression of HLA-ABC.
In the cases of xenotransplantation and allotransplantation,
MSCs serve both as an immunosuppressor and an
immunogen.! Correspondingly, a microenvironment with
milder immunorejection can be attributed to the enhanced
immunomodulatory ability and/or the lower immunogenicity
of the cells.>* As cADSCs and IACs showed comparable
immunosuppressive capability, the lower immunogenicity of
IACs might enable it to restrain the immune response in vivo.
By contrast, the relatively high immunogenicity of cADSCs
potentially masked their immunomodulatory ability. On the
other hand, cADSCs have been reported to promote angio-
genesis of impaired skin. Our study showed that IACs further
promoted the formation of a pro-angiogenic microenviron-
ment in vivo compared with the cADSCs group. We con-
sider that this is due to, at least in part, the pro-angiogenic
ability of IACs through superior paracrine effect as what our
in vitro experiments have demonstrated. Besides, prolonged
IACs survival, which leads to larger cell number, would also
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contribute to cell function in this group.® As milder immuno-
microenvironment and stronger pro-angiogenic microenviron-
ment have been widely considered as the optimum condition
to promote wound repair, including re-epithelization and
the formation of cutaneous appendage,'®™''*" the favorable
properties of IACs contribute synergistically in accelerating
the regeneration process.

In addition to what was mentioned above, other limita-
tions for this research included (1) in this study, we used a
chemically defined cocktail containing 13 factors, further
screening (adding or deleting factors) could be performed to
generate MSCs with lower immunogenicity and/or higher an-
giogenic ability. (2) Although the roles and mechanisms of a
single factor have been reported, the mechanisms of how cells
cultured in such a cocktail display these enhanced functions
still need further illustration. (3) Besides skin defects in a rat
model, repairing other challengeable defect models by IACs
according to their advantages could be further studied. (4)
Further illustrating the safety profile of IACs would pave the
way for clinical tests.

Conclusion

In this study, we have generated chemical-empowered human
ADSCs termed as IACs by using a chemically defined cocktail
in the culture medium. IACs exhibit typical MSC properties,
robust safety profile, and enhanced stemness capacity.
Compared with widely used cADSCs, IACs not only induce
a significantly milder allogenic PBMC-mediated inflamma-
tory response in an H3K27me3-HLA axis dependent manner
but also strongly promote the NO production, their anti-
apoptosis ability, and tube formation of HUVECs through
superior paracrine signaling. The lower immunogenicity and
stronger pro-angiogenic ability enable Gel-embedded IACs
to promote faster tissue regeneration superior to cADSCs in
a xeno-skin defect model. Taken collectively, IACs can be a
promising candidate for future clinical tissue engineering and
cytotherapy treatments.
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