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Abstract

Background The immunogenicity of allogeneic mesenchymal stem cells (MSCs) is significantly enhanced after trans-
plantation or differentiation, and these cells can be recognized and cleared by recipient immune cells. Graft rejec-
tion has become a major obstacle to improving the therapeutic effect of allogeneic MSCs or, after their differentia-
tion, transplantation in the treatment of diabetes and other diseases. Solving this problem is helpful for prolonging
the time that cells play a role in the recipient body and for significantly improving the clinical therapeutic effect.

Methods In this study, canine adipose-derived mesenchymal stem cells (ADSCs) were used as seed cells, and gene
editing technology was used to knock out the B2M gene in these cells and cooperate with the overexpression

of the PD-L1 gene. Gene-edited ADSCs (GeADSCs), whose biological characteristics and safety are not different
from those of normal canine ADSCs, have been obtained.

Results The immunogenicity of GeADSCs is reduced, the immune escape ability of GeADSCs is enhanced,

and GeADSCs can remain in the body for a longer time. Using the optimized induction program, the efficiency

of the differentiation of GeADSCs into new islet 3-cells was increased, and the maturity of the new islet 3-cells

was increased. The immunogenicity of new islet 3-cells decreased, and their immune escape ability was enhanced
after the cells were transplanted into diabetic dogs (the graft site was prevascularized by the implantation of a scaf-
fold to form a vascularized pouch). The number of infiltrating immune cells and the content of immune factors were
decreased at the graft site.

Conclusions New islet 3-cell transplantation, which has low immunogenicity, can reverse diabetes in dogs,

and the therapeutic effect of cell transplantation is significantly enhanced. This study provides a new method

for prolonging the survival and functional time of cells in transplant recipients and significantly improving the clinical
therapeutic effect.
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Introduction

Islet transplantation is an ideal way to treat insulin-
dependent diabetes mellitus. However, the limited source
of islet donors, complicated separation and purification
procedures and immune rejection after transplantation
greatly limit its clinical application ([8, 27]. Therefore, the
search for islet replacement cell transplantation for the
treatment of insulin-dependent diabetes has become the
focus of current research. Allogeneic MSCs are derived
from a wide range of sources, have multiple differentia-
tion potentials, immunomodulatory functions and the
ability to promote the repair of damaged tissues; and are
ideal seed cells for cell transplantation therapy and tissue
engineering [18, 26]. Allogeneic MSCs can be induced
into insulin-producing cells (IPCs) in vitro by simulating
the development environment of islet -cells and chang-
ing the composition of the medium. In previous studies,
highly effective regulatory gene combinations of 6 genes
obtained by screening were used to differentiate canine
allogeneic MSCs into new islet -cells, which can be used
for the treatment of canine diabetes mellitus. However,
in the treatment of canine diabetes mellitus by cell trans-
plantation, the therapeutic effect is not ideal because of
graft rejection [6]. Graft rejection has become a major
obstacle to improving the therapeutic effect of allogeneic
MSC:s or, after their differentiation, transplantation in the
treatment of diabetes and other diseases. The improve-
ment of the graft rejection problem can help prolong the
survival and functional time of allogeneic MSCs or after

their differentiation in transplant recipients and signifi-
cantly improve the clinical effect of cell transplantation in
the treatment of diabetes and other diseases.

Allogeneic MSCs have low immunogenicity in vitro,
but their immunogenicity is significantly enhanced after
transplantation in vivo. While the cells continue to play
therapeutic and immunomodulatory roles, they can be
recognized and cleared by the immune cells of the trans-
planted recipients. In particular, after the differentiation
of allogeneic MSCs, their immunogenicity is significantly
enhanced, and the transplanted cells are also cleared
more quickly [38, 21, 30]. After allogeneic MSCs or after
their differentiation are transplanted, graft rejection may
be caused by a change in the phenotype of the trans-
planted cells. Although it has been reported that alloge-
neic MSCs exhibit immunomodulatory properties both
in vitro and after transplantation, an increasing number
of researchers believe that allogeneic MSCs do not have
immune privilege characteristics, their immunogenic-
ity cannot be ignored, and allogeneic immune rejection
is inevitable [33, 35]. Cells transplanted in vivo can be
recognized and cleared by the recipient’s immune sys-
tem while promoting the repair of damaged tissues [2].
When allogeneic MSCs are exposed to an inflammatory
environment in vivo, MHC-I and MHC-II molecules
are highly expressed, and their immunogenicity is sig-
nificantly increased, which leads to immune rejection in
transplant recipients. Repeated injections of allogeneic
MSCs can lead to both primary and secondary humoral
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reactions [1]. The immunogenicity of allogeneic MSCs
can be decreased by knocking out MHC-I molecules
on the cell surface [4]. The B2M (beta-2-microglobulin)
gene encodes B2 microglobulin, which is an important
subunit of MHC-I and is crucial for the structural sta-
bility and function of MHC-L Its absence affects normal
folding and transport to the cell surface of MHC-I [34].
In previous studies, we generated allogeneic MSC-B2M
gene knockout strains, which showed decreased immu-
nogenicity and improved antigraft rejection ability.
However, since MHC-I is a ligand of the NK cell-killing
inhibitory receptor, the deletion of MHC-I can acti-
vate NK cells and kill the allogeneic MSC-B2M knock-
out strain by NK cells after transplantation in vivo [10].
Therefore, it is necessary to further solve the problem of
graft rejection during cell transplantation therapy.

The programmed cell death 1 ligand 1 (PD-L1I) gene
encodes programmed cell death ligand 1, which, com-
bined with programmed cell death receptor-1, can
transmit inhibitory signals, reduce the activation and
proliferation of T cells, and inhibit the killing effect after
the activation of NK cells. Overexpression of PD-L1 can
enhance the immunosuppressive function of cells [12].
At present, the effects of B2M gene knockout and PD-L1
gene overexpression (double gene editing) on the immu-
nogenicity and antigraft rejection ability of allogeneic
MSC:s after their differentiation have not been reported.
The necessity of double gene editing and its advantages
over single gene editing may be among the ideal ways to
solve the problem of graft rejection in cell transplanta-
tion therapy.

Therefore, in this study, canine adipose-derived mes-
enchymal stem cells (ADSCs) were used as seed cells. By
using CRISPR-Cas9 HDR-mediated gene editing technol-
ogy, the B2M gene was knocked out in conjunction with
the overexpression of the PD-L1 gene to explore whether
safe gene-edited ADSCs (GeADSCs) with biological
characteristics that are not different from those of nor-
mal canine ADSCs can be obtained. The immunogenicity
and immune escape ability of the strains were tested, and
the necessity and advantages of double gene editing were
clarified.

Then, on the basis of the obtained GeADSCs, we opti-
mized the previous 6-gene highly regulated gene com-
bination induction program and introduced the 3D
cell culture mode. The biological characteristics of the
obtained new islet B cells with low immunogenicity were
examined via single-cell sequencing, and the induction
differentiation efficiency was further improved. Moreo-
ver, the method of cell transplantation was optimized,
and tissue engineering materials were introduced to
investigate the immunogenic changes, therapeutic effects

Page 3 of 20

and antigraft rejection ability of newly isolated islet
cells with low immunogenicity.

Finally, this study provides a new method to prolong
the survival and functional time of the cells in the trans-
plant recipient and significantly improve the clinical
therapeutic effect. To provide a theoretical and techni-
cal reference for solving the problem of graft rejection in
allogeneic MSCs or after their differentiation and trans-
plantation to treat related diseases. This study provides a
new method for the treatment of insulin-dependent dia-
betes via cell transplantation.

Methods

Gene editing of ADSCs

Using the B2M gene of canine ADSCs (GenelD:
100,855,741) as a target gene, 8 sgRNAs were designed
and prepared according to the instructions of the Guide-
it sgRNA In Vitro Transcription Kit (Takara, 632,635,
Japan). The rapid purification of the sgRNAs was per-
formed via the Guide-it IVT RNA Clean-Up Kit (Takara,
632,638, Japan) according to the Guide-it sgRNA Screen-
ing Kit (Takara, 632,639, Japan). The efficiency of the
sgRNAs was tested, and the optimal sgRNA combina-
tion was obtained. The PD-L1 gene of canine ADSCs
(GenelD:484,186) was used as the target gene, the SV40T
gene and PuroR gene were added, and the dsDNA ini-
tiation template was prepared by Wuhan GeneCreate
Biological Engineering Co., Ltd., China. A Guided Long
ssDNA Production System (Takara, 632,666, Japan) was
then used to prepare ssDNA for gene knock-in. Each
template could be used to prepare 2 ssDNAs (sense chain
and antisense chain), and the purified ssDNA was used
for the gene knock-in test.

The third-generation canine ADSCs frozen in the labo-
ratory [5, 6] were resuscitated. The selected sgRNA com-
bination was incubated with TrueCut" Cas9 protein v2
(Thermo Fisher Scientific, A36499, USA) to prepare the
RNP complex. Lipofectamine CRISPRMAX Cas9 trans-
fection reagent (Thermo Fisher Scientific, CMAX00003,
USA) was used to transfer RNP complexes into canine
ADSCs. ssDNA sense and antisense chains were trans-
ferred into canine ADSCs via Advanced DNA RNA
Transfection Reagent (Zeta Life, AD601000, USA). SCR7
(Med Chem Express, HY-12742, USA) was added to the
cell culture system and cultured for 48—72 h, and Puri-
nomycin (Med Chem Express, HY-B1743A, USA) was
added to screen the cells.

The efficiency of gene editing was tested by sequenc-
ing. A guided-it Knockin Screening Kit (Takara, 632,659,
Japan) was used to detect the gene knock-in efficiency
of the selected cells. The mRNA expression of the B2M
gene and PD-LI gene was detected via RT-qPCR [34].
The protein expression levels of B2M and PD-L1 were
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detected via Western blotting and immunofluorescence
staining [16].

GeADSC detection

A Cell Counting Kit-8 (Med Chem Express, HY-K0301,
USA) was used to detect the proliferation ability of
the obtained cells. Cytokine secretion by the obtained
cells (TSG-6, PGE2, HGF, IGF-1, IL-10, VEGF, SDF-1,
bFGEF, and BDNF) was detected via ELISA kits (Nanjing
Jiancheng Biology Engineering Institute, H374-1, H099-
1-1, H181, H659-1-1, H0O09-1-1, H044-1, H201, H039,
H069-1-1, China). The obtained cells were evaluated
with the corresponding differentiation induction media
(Cyagen Biosciences, GUXMX-90021, GUXMX-90041,
and GUXMX-90031; China) for their multifunctional
differentiation potential (osteogenic, lipogenic and chon-
drogenic). Immunogenicity testing of the cells was per-
formed, including detection of the expression of MHC-I,
MHC-II and costimulatory molecules CD40 and CD80,
the proliferation ability of peripheral blood monocytes
stimulated by GeADSCs [32], the cytotoxicity of presen-
sitized spleen cells to GeADSCs and the proportion of
immune cells in the spleen [40], the peritoneal inflam-
matory infiltration test to detect the in vivo immune
response induced by GeADSCs [6], and the effects of
GeADSCs on INF-y in serum. The cells were labeled
with a Dil red fluorescent probe (Beyotime Biotechnol-
ogy, C1036, China). A total of 10* canine GeADSCs were
inoculated subcutaneously on both sides of the spine of
the dogs, and tumor growth and other adverse reactions
were observed. Samples were taken on the 30, 60, 90 and
120th days, and the existence of transplanted cells was
observed via fluorescence microscopy (Olympus, BX41,

Japan).

Low-immunogenicity new islet B cells

Further optimization of the laboratory’s previous pro-
gram for the differentiation of canine ADSCs into new
islet B-cells was performed via a highly effective regula-
tory gene combination of 6 genes [6]. Normally cultured
canine GeADSCs in Nunc' EasYDish™ (Thermo Fisher
Scientific, 150,464, USA) were treated with laboratory-
preserved pAdEasy-Pbx1-Pdx1-Ngn3-Pax4 virus par-
ticles (MOI=100) when the cell density reached 70%.
After 24 h, the infection efficiency was detected, normal
culture medium (a-MEM culture medium containing
10% fetal bovine serum, 1% 100 X Penicillin Streptomycin
Solution and 0.25% Anti-Myc Mycoplasma scavenging
agent) was used, and the cells were passaged at a ratio of
1:3 every 2 days. Five days after initial infection, the cells
were infected at an MOI of 100 via laboratory-preserved
pAdEasy-Rfx3-MafA virus particles. The infection effi-
ciency was measured 24 h later, normal culture medium
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was used, and 2 days after the second infection, the cells
were passaged 1:3 and transferred to a Nunclon Sphera
3D culture system (Thermo Fisher Scientific, 174,932,
USA) for culture. At the same time, induction culture-1
(high-glucose DMEM culture medium containing 10%
Fetal Bovine Serum, 1% 100X Penicillin Streptomycin
Solution and 0.25% Anti-Myc Mycoplasma Scaveng-
ing Reagent, 1:200 ITS-X, 650 ng/mL T3, 3 pg/mL Alk5i
II, and 10 pg/mL Heparin) was used for 6 days, and the
medium was changed every 2 days. At the same time,
induction culture-2 (high-glucose culture medium con-
taining 10% Fetal Bovine Serum, 1% 100X Penicillin
Streptomycin Solution and 0.25% Anti-Myc Mycoplasma
Scavenging Reagent, 1:200 ITS-X, 650 ng/mL T3, 3 pg/
mL Alk5i II, 160 pg/mL N-acetyl Cysteine, 2.5 pg/mL
Trolox, and 10 pg/mL Heparin) was used for 6 days, and
the medium was changed every 2 days. Normal high-
glucose DMEM (high-glucose DMEM culture medium
containing 10% fetal bovine serum, 1% 100X Penicillin
Streptomycin Solution and 0.25% Anti-Myc Mycoplasma
Scavenging Reagent) was added for 6 days, and the
medium was changed every 2 days. New islet p cells with
low immunogenicity were obtained.

Detection of low-immunogenicity new islet 8 cells
The amount of insulin secreted by the cells was measured
by repeated stimulation with high glucose (25 mM), low
glucose (5 mM) and low glucose (5 mM)+ KCl (30 mM)
to determine the tolerance of the cells [24]. The new
islet P cells were dispersed into single cells, and the cells
were subjected to immunofluorescence with primary
antibodies (Insulin, NKX6.1, MAFA, PAX4, NGNS3,
PDX1, NKX2.2, B2M, MHC-I, PD-L1), (Abcam, ab6995,
ab221549, ab84987, ab239356, ab216885, ab240318,
ab228415, ab215889, England), (Epdi Bioengineering,
IPD-ANM2501, China) and corresponding secondary
antibodies (Abcam, ab150113, ab150079, England). The
ultrastructures of the cells and Insulin, NKX6.1, MAFA,
PAX4, NGN3, PDX1 and NKX2.2 particles were detected
via electron microscopy (Carl Zeiss AG, Germany) and
immunocytolloidal gold labeling techniques.

Single-cell sequencing analysis was performed on new
islet B cells, and the original data were filtered and com-
pared with genome data, transcript quantification, and
cell identification via Cell Ranger (https://support.10xge
nomics.com/single-cell-gene-expression/software/overv
iew/welcome), the official analysis software 10X Genom-
ics, and finally, the gene expression matrix of each cell
was obtained. After filtration through Seurat, the filtra-
tion criteria were as follows: number of genes expressed
per cell >500 and mitochondrial genes expressed in <25%
of the cells [3]. With Seurat software, the built-in param-
eter normalization data are used, the variable features are
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identified, the data are normalized, and the highly vari-
able genes are searched [17]. According to gene expres-
sion information, cells were classified into multiple
clusters via the UMAP algorithm, and the expression of
marker genes in each cluster was subsequently checked.
The marker genes were selected on the basis of the fol-
lowing criteria: expression in more than 10% of the cells
in each cluster, P value <0.01, and gene expression ploidy
logFC>0.26 [7]. At the same time, Garnett software and
the SingleR annotation package were combined to iden-
tify cell clusters [17]. Statistical analysis, GO function
analysis, KEGG enrichment analysis and protein inter-
action network analysis were performed on the differ-
entially expressed genes of each cell cluster to study the
differences in transcriptional regulation among differ-
ent cell clusters and explore the differentiation map [19].
Moreover, the immunogenicity of the new islet  cells
was tested according to a previously described method.

Treatment of diabetic dogs

with low-immunogenicity new islet f cells

All of the dogs were reared, obtained, and housed
in accordance with our institute’s laboratory animal
requirements. All procedures and the study design were
conducted in accordance with the Guide for the Care
and Use of Laboratory Animals (Ministry of Science and
Technology of China, 2006) and were approved by the
Animal Ethical and Welfare Committee of Northwest
Agriculture and Forest University. The work has been
reported in line with the ARRIVE guidelines 2.0.

Dogs (adult beagle dogs) were used as an animal model
to establish a canine diabetes model [6] by combining
85% pancreatic resection with 5 mg/kg streptozotocin
solution (injected into the superior duodenal artery).
The experimental dogs were injected intravenously with
propofol (3 ~6 mg/kg) (Xi ‘an Libon Pharmaceutical Co.,
Ltd., China) to induce anesthesia before surgery, endotra-
cheal intubation was performed to protect the airway,
and a respiratory anesthesia machine was connected.
The isoflurane (Shenzhen Reward Life Technology Co.,
Ltd., China) and oxygen flows were adjusted, and when
anesthesia was stably maintained. The operation was
subsequently carried out in strict accordance with the
established surgical protocol and aseptic rules. During
the operation, the central nervous system, cardiovascular
system and respiratory system were monitored, and tem-
perature changes were recorded to monitor the animal’s
status. The dogs were administered Vectaxib chewable
tablets (Orbiepharm, China, 3 mg/kg/d, for 5 days) and
Beylide (Bayer, Germany, 2.5 mg/kg/d, for 5 days) begin-
ning on the first postoperative day.

Cell transplantation was carried out to treat dog dia-
betes mellitus, and the transplantation site was selected
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on the basis of the subcutaneous adipose tissue inside
the root of the thigh of the dog. Thirty days before cell
transplantation, the fibroin/collagen scaffold [11] was
implanted into the transplantation site to obtain a vascu-
larization pouch and shorten the cell colonization time.
The cells were labeled with Dil red fluorescent probes,
and the cells were divided into 3 groups. Experimental
Group 1 (n=6): New islet B cells derived from canine
GeADSCs (10° cells/kg) + canine GeADSCs (10° cells/kg)
were injected into a vascularization pouch. Experimen-
tal Group 2 (n=6): New islet [ cells derived from canine
normal ADSCs (10° cells/kg)+ canine normal ADSCs
(10° cells/kg) were injected into a vascularization pouch.
In the control group (n=3), normal saline (1 mL) was
injected into the vascularization pouch.

Blood glucose levels were measured every 5 days after
transplantation, and glucose tolerance tests were per-
formed when blood glucose levels stabilized [13]. At the
same time, one dog in each group was randomly selected
to sample the transplant site, and insulin immunofluo-
rescence staining and fluorescence microscopy were
performed to determine the survival status and insulin
expression of the transplanted cells. On the 80th day, one
dog in each group was randomly selected for sample col-
lection from the transplant site, and the infiltration and
distribution of immune cells (B cells, T cells, NK cells
and macrophages) at the transplant site were detected.
Moreover, ELISA (Nanjing Jiancheng Biology Engineer-
ing Institute, H002-1-2, H003-1-1, H004, HO005-1-2,
HO007-1-1, H052-1-1, H059, China) was used to detect
the contents of related cytokines (IL-1, IL-2, IL-3, IL-4,
IL-6, TNF, M-CSF) at the transplantation site. The exper-
imental dogs were euthanized with propofol (20 mg/kg)
(Xi’an Libon Pharmaceutical Co., Ltd., China).

Results
Results of gene editing of ADSCs
In this study, a Guide-it sgRNA In Vitro Transcription
Kit was used to obtain 8 sgRNAs (Fig. 1A) by designing
8 upstream primers (Supplementary Document 1). After
the sgRNAs were purified, the Guided-it sgRNA Screen-
ing Kit is used to detect the editing efficiency of the 8
sgRNAs. Multiple detection results revealed that sgR-
NAs 3 and 7 had better editing efficiency. In this study,
sgRNAs 3 and 7 were used for subsequent experiments
(Fig. 1B). The dsDNA initiation template was made via
whole gene synthesis (Supplementary document 2).
Two ssDNA chains (sense chain and antisense chain) for
gene knock-in were prepared through the Guide-it Long
ssDNA Production System (Fig. 1C).

sgRNAs numbered 3 and 7 were incubated with
Cas9 protein to prepare RNP complexes, which were
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Fig. 1 The Result of gene editing ADSCs. A. sgRNAs acquisition process. Guide-it sgRNA In Vitro Transcription Kit was used to obtain 8 sgRNAs.
sgRNAs were synthesized by transcription in vitro. B. The editing efficiency of 8 sgRNAs. The Guided-it sgRNA Screening Kit is used to detect

the editing efficiency of 8 sgRNAs. sgRNAs 3 and 7 have better editing efficiency. Full-length blots/gels are presented in Supplementary
document—Uncropped images. C. ssDNA acquisition process. dsDNA was obtained by gene synthesis, two ssDNA chains (positive-sense chain
and antisense chain) for gene knock-in were prepared through the Guide-it Long ssDNA Production System. D and E. Gene knock-in detection. D.
The Guide-it Knockin Screening Kit was used for gene knock-in detection. When the gene is successfully knocked in, red and green fluorescence
signals are detected. E. Both red and green fluorescence signals could be detected in gene knock-in strains, and the red and green fluorescence

signals were significantly greater than those in wild strains. ****, P < 0.0001

subsequently transferred to canine allogeneic ADSCs.
Moreover, the sense and antisense chains of ssDNA
were transferred to the above cells, SCR7 was added
to the cell culture system, and the cells were cultured
for 48 h. The cells were screened with Purinomycin.
The cells were cloned and cultured for single-cell pro-
liferation. The Guide-it Knockin Screening Kit was
used for gene knockin detection (Fig. 1D, Supplemen-
tary document 3). Fluorescence detection revealed that
red and green fluorescence was detected in 19 of the
60 cell clones (Fig. 1E). The 19 cells were cloned and
inserted into a cluster and cultured, the target sequence
of the obtained cells was sequenced, and the sequenc-
ing results were correct (Supplementary document 4).

The obtained cells were named GeADSCs. The mRNA
expression levels of the B2M gene and PD-L1 gene in
GeADSCs were detected by RT-qPCR (Supplementary
document 5). In GeADSCs, the mRNA expression of
the B2M gene was extremely significantly lower than
that in ADSCs (P<0.0001), and the mRNA expression
of the PD-L1 gene was extremely significantly greater
than that in ADSCs (P<0.0001) (Fig. 2A). The protein
expression levels of B2M and PD-L1 in the cells were
detected by Western blot analysis. In GeADSCs, the
B2M protein was not expressed, and the PD-L1 pro-
tein was highly expressed; however, in ADSCs, the B2M
protein was expressed, but the PD-L1 protein was not
highly expressed (Fig. 2B).
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B2M protein was highly expressed but PD-L1 protein was not expressed. Full-length blots/gels are presented in Supplementary document—
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was significantly higher than that of ADSCs, especially on the 3rd, 4, 5 and 6th day. *, P < 0.05; **, P< 0.01; ***, P<0.001. F. Multidirectional
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The expression of B2M and MHC-I molecules was not
detected by immunofluorescence before or after GeAD-
SCs were stimulated with IFN-y. Before stimulation
with IFN-y, ADSCs can express B2M and MHC-I mol-
ecules, and after stimulation with IFN-y, the expression
of B2M and MHC-I molecules is increased. In GeAD-
SCs, PD-L1 is highly expressed before and after IFN-y
stimulation. In ADSCs, PD-L1 is not expressed before
IFN-y stimulation, but IFN-y stimulation can promote
weak expression of the PD-L1 protein (Fig. 2C).

The GeADSCs obtained in this study did not express
the B2M protein (MHC-I molecules) but overexpressed
the PD-L1 protein and successfully achieved gene edit-
ing in ADSCs.

Biological characterization of GeADSCs

Under the same culture conditions, the morphological
characteristics of GeADSCs showed no difference from
those of ADSCs, with long spindle shapes and adherent
growth (Fig. 2D). The growth rate of GeADSCs was sig-
nificantly greater than that of ADSCs, especially on the
3rd, 4, 5 and 6th days (P<0.05) (Fig. 2E). With respect to
multidirectional differentiation, the differentiation per-
formance of GeADSCs was not different from that of
ADSCs, and all of them could differentiate into adipose,
cartilage or bone cells (Fig. 2F). In the detection of related
cytokines, under the same culture conditions, there was
no difference in the secretion of various cytokines, and
related immune regulatory factors and growth factors
could be secreted (Fig. 2G). The biological characteristics
of GeADSCs were not affected by gene editing.
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Immunogenicity test results of GeADSCs

After GeADSCs were obtained, their immunogenicity
was detected. First, the immunophenotype of the cells
was detected. In GeADSCs and ADSCs, the expression
of MHC-II molecules and the costimulatory molecules
CD40 and CD80 was very low, and there was no sig-
nificant difference. In ADSCs, MHC-I molecules were
highly expressed, which was significantly greater than
that in GeADSCs (P<0.0001) (Fig. 3A). In terms of
the proliferation ability of peripheral blood monocytes
stimulated with GeADSCs and ADSCs, there was no
significant difference in the immunosuppressive ability
of GeADSCs and ADSCs. As the number of peripheral
monocytes increased, the stimulation index increased;
that is, the proliferation ability of peripheral monocytes
increased, but both were lower than that of the periph-
eral blood monocyte group. These results indicate that
both GeADSCs and ADSCs can inhibit the prolifera-
tion of peripheral blood monocytes (Fig. 3B). After the
intracavitary injection of GeADSCs and ADSCs, the
cells in the spleen were examined. After the intraperi-
toneal injection of GeADSCs, the number of CD4+T
cells in the spleen was significantly lower than that in
the ADSC group (P<0.0001). There was no signifi-
cant difference in CD8+T cells between the GeADSC
and ADSC groups (Fig. 3C). After the intraperitoneal
injection of GeADSCs, the number of CD19+B cells
in the spleen decreased, which was significantly lower
than that in the ADSC group (P<0.0001) (Fig. 3D). For
CD + Foxp3 + Treg cells, there was no significant differ-
ence between the GeADSC and ADSC groups (Fig. 3E).
Subsequently, spleen cells were cocultured with

(See figure on next page.)
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GeADSCs or ADSCs, and it was found that spleen cells
could cause the apoptosis of both GeADSCs and ADSCs
in a dose-dependent manner. As the proportion of
spleen cells increased, the percentage of apoptotic cells
increased, but the percentage of apoptotic GeADSCs
was significantly lower than that of the ADSC group
(P<0.0001) (Fig. 3F). After the intraperitoneal injection
of GeADSCs, the number of CD45+and CD3e + cells
in the abdominal cavity was significantly lower than
that in the ADSC group (P<0.0001) (Fig. 3G). After the
intraperitoneal injection of GeADSCs and ADSCs, the
serum IFN-y concentration was detected, and the level
in the GeADSC group was significantly lower than that
in the ADSC group (P<0.0001) (Fig. 3H). Compared
with that of ADSCs, the immunogenicity of GeADSCs
was significantly reduced.

To further test the survival time of GeADSCs after
transplantation in vivo, Dil red fluorescent probes were
used to label the cells, and the cells were inoculated
subcutaneously on both sides of the spines of the dogs.
After the cells were inoculated, there were no adverse
reactions, such as tumors, at the inoculated site. Sam-
ples were taken on the 30, 60, 90 and 120th days, and
the status of the transplanted cells was detected. The
number of implanted cells decreased over time (Fig. 3I),
and at Days 60, 90, and 120, the number of cells present
in the ADSC group was significantly lower than that in
the GeADSC group (Fig. 3]) (P<0.0001). The immu-
nogenicity of GeADSCs is reduced, which can resist
transplant rejection to a certain extent and prolong the
time in vivo after transplantation.

Fig. 3 Immunogenicity detection results. A. The immunophenotype detection of the cells. In GeADSCs, ADSCs, GeADSCs-RM-B3Cs

and ADSCs-RM-RCs, the expressions of MHC-Il molecules and CD40 and CD80 were very low, and there was no significant difference. In

ADSCs and ADSCs-RM-3Cs, MHC-I molecule showed high expression, which was significantly higher than GeADSCs and GeADSCs-RM-B3Cs.
XXX, P< 0.0001. B. The proliferation ability of peripheral blood monocytes. There was no significant difference in the immunosuppressive
ability of GeADSCs and ADSCs. GeADSCs and ADSCs can inhibit the proliferation of peripheral blood monocytes. the immunosuppressive

ability of the ADSCs-RM-3Cs and GeADSCs-RM-3Cs was significantly lower than that of GeADSCs and ADSCs. ****, P<0.0001. C. Spleen cells
detection. In GeADSC group, CD4* T cells were significantly lower than those in the ADSC group. ****, P<0.0001. In GeADSC-RM-BC group,

CD4* T cells were significantly lower than those in the ADSC-RM-BC group. ##t##, P< 0.0001. For CD8* T cells, there was no significant difference
between the GeADSC and ADSC groups. In GeADSC-RM-BC group, CD8* T cells were significantly lower than those in the ADSC-RM-BC group.
**¥% P<0.0001.D. CD19* B-cells detection. In GeADSC group, CD19* B-cells were decreased, which was significantly lower than that in ADSC
group. ¥*** P<0.0001. In GeADSC-RM-BC group, CD19* B-cells were decreased, which was significantly lower than that in ADSC-RM-BC group.
#i#H#, P< 0.0001. E. CD* Foxp3™ Treg cells detection. There was no significant difference between GeADSC, ADSC, GeADSC-RM-BC and ADSC-RM-BC
groups. F. Apoptosis of GeADSCs and ADSCs. As the proportion of spleen cells increased, the apoptosis rate of cells increased. The apoptosis rate
of GeADSCs was significantly lower than that of ADSCs. ****, P<0.0001. The apoptosis rate of GeADSCs-RM-3Cs was significantly lower than that of
ADSCs-RM-BCs. ####, P< 0.0001. G. CD45" and CD3e" cells detection. The number of CD45" and CD3e* cells in GeADSC group was significantly
lower than that in the ADSC group. ****, P<0.0001. The number of CD45" and CD3e." cells in GeADSC-RM-BC group was significantly lower

than that in the ADSC-RM-BC group. ####, P< 0.0001. H. IFN-y detection. After intraperitoneal injection of cells, the GeADSC group was significantly
lower than the ADSC group. ****, P<0.0001. The GeADSC-RM-BC group was significantly lower than the ADSC-RM-BC group. ####, P<0.0001.1. The
survival time of GeADSCs after transplantation in vivo. The number of implanted cells decreased over time. Blue fluorescence indicates the nucleus
and red fluorescence indicates the cells. J. Cell count detection. The number of cells present in the ADSC group was significantly lower than that in

the GeADSC group. **** ####, NAAN, P<0.0001
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Biological characteristics of newly islet 8 cells

with low immunogenicity

The program for the differentiation of canine ADSCs into
new islet 3 cells induced by the highly efficient regulatory
gene combination of 6 genes in the laboratory was fur-
ther optimized. We induced the differentiation of GeAD-
SCs and obtained new islet  cells (RM-BCs), and the
obtained cells were round and suspended in cell culture
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medium (Fig. 4A). By repeated stimulation with high
glucose (25 mM), low glucose (5 mM) and low glucose
(5 mM) + KCI (30 mM), the insulin secretion of the cells
was measured. RM-BCs respond to continuous glucose
stimulation, and insulin secretion can reach more than
60% of that of mature islet cells regardless of the pres-
ence of low glucose or high glucose. This value was sig-
nificantly greater than that of canine ADSCs (P<0.0001)
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Fig. 4 Biological characteristics of low immunogenic new islet (3 cells. A. The differentiation of canine ADSCs into new islet (3 cells. The obtained
new islet B cells (RM-BCs) were round and suspended in cell culture medium. B. The insulin secretion of the cells. RM-BCs could respond

to continuous glucose stimulation, and insulin secretion could reach more than 60% of mature islet 3 cells in low glucose or high glucose.
Significantly higher than canine ADSCs. ****, P< 0.0001. ##i## indicated that RM-BC and ADSC groups were significantly lower than mature islet 8
cells group (P<0.0001). C. Immunofluorescence staining detection. Insulin, NKX6.1, PDX1, MAFA, PAX4, NKX2.2 and PD-L1 showed high expression,
NGN3 showed weak expression, and B2M and MHC-| were not expressed. D. Electron microscopy detection. For NKX6.1, PDX1, MAFA, PAX4

and NKX2.2, related particles were detected in the cells, NGN3 particles were almost undetected, and Insulin particles were detected in large

numbers. Different colored circles represent the corresponding particles

(Fig. 4B). The RM-BCs were dispersed into single cells,
and immunofluorescence staining was performed on the
cells with related antibodies. Insulin, NKX6.1, PDX1,
MAFA, PAX4, NKX2.2 and PD-L1 were expressed at
high levels, NGN3 was weakly expressed, and B2M and
MHC-I were not expressed (Fig. 4C). The ultrastructures
of the cells were detected via electron microscopy and
immunocolloidal gold labeling techniques. For NKX6.1,
PDX1, MAFA, PAX4 and NKX2.2, related particles were
detected in the cells, NGN3 particles were almost unde-
tected, and Insulin particles were detected in large num-
bers (Fig. 4D). The RM-BCs obtained in this study had
the characteristics of islet [3 cells.

Single-cell sequencing of new islet B cells with low
immunogenicity

In this study, 7530 new islet B cells (RM-BCs) were
sequenced via single-cell analysis. The data discussed
in this publication have been deposited in NCBI's Gene
Expression Omnibus (Edgar et al., 2002) and are acces-
sible through GEO series accession number accession
number GSE267867 (https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSExxx). Genome comparison, back-
ground cell filtering and UMI counting of transcripts
were performed on the original sequencing data via Cell
Ranger. A gene-barcode matrix was generated via a cell
barcode, sample clustering and gene expression analysis
were subsequently performed, and the statistical results
of the sequencing data were output (Supplementary doc-
ument 6). The expression levels of the genes detected in
each cell were calculated according to Barcode, UMI and
other information (Supplementary document 7). For fil-
tering by Seurat, see Supplementary document 8 for the
statistical table of cell filtration and Supplementary docu-
ment 9 for the distribution of basic information of each
sample cell before cell filtration. For the distribution of
basic information for each sample cell after cell filtration,
see Supplementary document 10.

The cells were subdivided into 13 cell clusters accord-
ing to their gene expression patterns. The number of cells
in each cluster is shown in Supplementary Document 11,
and the percentage statistics are shown in Supplemen-
tary Document 12. After the end of the clustering, these
cells were visualized via the UMAP algorithm (Fig. 5A),


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSExxx
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSExxx
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Fig. 5 Single cell sequencing of low immunogenic new islet 3 ceHs A.The cells were visualized, it was divided into 13 clusters. Each dot represents
a cell. Left: Different colors represent different samples of cells; Right: Different colors indicate different clusters of cells. B. The correlation heat

map. The cluster 9 and 12 were highly correlated, and the other numbered cluster were highly correlated. C. The output standard of Marker

genes. The number of differentially up-regulated genes in clusters 9 and 12 was the highest, with 399 and 748 genes respectively. D. The volcano
map of Marker genes. The dots in the figure are differentially upregulated genes, showing by default the top 5 genes of each cell population

by their differentially multiples, and the horizontal axis shows the proportion of the gene expressed in the target cell population—the proportion
of the gene expressed in other cell populations. E. The heat map of Marker gene expression. Rows represent genes, characters on the left represent
gene names, columns represent individual cells, and characters on the top represent cell subpopulation numbers. Colors from purple to black

to yellow represent gene expression levels from low to high. TOP10 genes of each cluster Marker are selected for genes. F. The development

and evolution process of cells. There were 4 biological process decision points in 13 clusters (6482 cells)

and a correlation heatmap was drawn by calculating the
correlation among each cluster. The clusters numbered 9
and 12 were highly correlated, and the other numbered
clusters were highly correlated (Fig. 5B). According to
the output standard of the marker gene, the number of
marker genes in each cluster was obtained, and a total
of 3149 genes were obtained. Among them, the num-
ber of differentially upregulated genes in Clusters 9 and
12 was the highest, with 399 and 748 genes, respectively
(Fig. 5C). See Supplementary document 13 for detailed
information on the marker genes in each cluster and
Fig. 5D for the volcano plots of the marker gene differ-
ences in different cell clusters. See Supplementary docu-
ment 14 for the volcano map of marker gene differences
and expression ratios in different cell clusters and Fig. 5E
for the heatmap of marker gene expression in each cell
cluster. The top 10 marker genes in each cell cluster were
subsequently identified and plotted via Violin, Umap,
bubble and ridge maps (Supplementary Document 15).

GO enrichment analysis and KEGG enrichment analysis
were subsequently performed for all marker genes (Sup-
plementary document 16). Monocle2 software was used
to simulate the development and evolution process of
cells through gene expression, and subsequent quasitime
series analysis was conducted on 6482 cells. There were 4
biological process decision points in 13 clusters (Fig. 5F).

Finally, the characteristic genes of islet beta cells,
islet alpha cells, pancreatic stem cells and duct cells
were used to identify the cell types of each cluster.
Multiple characteristic genes (G6PC2, GNAS, CSDEI,
HEPACAM?2, OXLDI1, APLP2, AP3B1, ALCAM, etc.)
of islet B cells were highly expressed in each clus-
ter (Fig. 6A). In addition, several cell clusters also
expressed characteristic genes of pancreatic stem cells
(Fig. 6B) and alpha cells (Fig. 6C), including LGRS,
CXCR4, ARX, GCG, IRX2, and LOXL4. Individual clus-
ters also expressed a characteristic gene of conduit cells
(PROMI) (Fig. 6D).
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Fig. 6 A. Multiple characteristic genes of mature islet 3 cells were highly expressed in each cluster. B. Several cell clusters expressed characteristic
genes of pancreatic stem cells. C. Several cell clusters expressed characteristic genes of pancreatic stem cells alpha cells. D. Individual clusters
expressed a characteristic gene of conduit cells

The RM-BCs obtained in this study have the character-
istics of canine islet {3 cells and can be used for cell trans-
plantation in the treatment of canine diabetes.

Detection of the immunogenicity of new islet
cells

After the immunogenicity of RM-BCs from GeADSCs
(GeADSCs-RM-BCs) was detected, RM-BCs from nor-
mal ADSCs (ADSCs-RM-BCs) were used as controls.
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First, the immunophenotype of the cells was detected.
In the ADSCs-RM-BCs, the MHC-I molecule was
highly expressed, which was significantly greater than
that in the GeADSCs-RM-BCs (P<0.0001). MHC-
II molecules and the costimulatory molecules CD40
and CD80 were almost not expressed in the two
groups of cells, and there was no significant differ-
ence (Fig. 3A). In terms of the proliferation ability of
peripheral blood monocytes stimulated with ADSCs-
RM-BCs and GeADSCs-RM-BCs, there was no signifi-
cant difference in immunosuppressive ability between
ADSCs-RM-BCs and GeADSCs-RM-BCs. However,
the immunosuppressive ability of the ADSCs-RM-
BCs and GeADSCs-RM-BCs was significantly lower
than that of the GeADSCs and ADSCs (P< 0.0001), the
stimulation index increased with increasing number
of peripheral monocytes, and both the ADSCS-RM-
BCs and the GeADSCs-RM-BCs inhibited the prolif-
eration of peripheral monocytes to a certain extent
(Fig. 3B). After the intraperitoneal injection of ADSCs-
RM-BCs or GeADSCs-RM-BCs, the number of cells
in the spleen was detected. After the intraperitoneal
injection of GeADSCs-RM-BCs, both the number of
CD4+T cells and the number of CD8+T cells in the
spleen decreased, which was significantly lower than
that in the ADSC-RM-BC group (P<0.0001) (Fig. 3C).
After the intraperitoneal injection of GeADSCs-RM-
BCs, the number of CD19+B cells in the spleen was
significantly lower than that in the ADSC-RM-BC
group (P<0.0001) (Fig. 3D). For CD + Foxp3+ Treg
cells, there was no significant difference between
the ADSC-RM-BC and GeADSC-RM-BC groups
(Fig. 3E). Subsequently, spleen cells were cocultured
with ADSCs-RM-BCs or GeADSCs-RM-BCs, and the
results revealed that spleen cells caused the apoptosis
of both ADSCs-RM-BCs and GeADSCs-RM-BCs in
a dose-dependent manner. With increasing propor-
tions of spleen cells, the percentage of apoptotic cells
increased. The apoptosis rate of GeADSCs-RM-BCs
was significantly lower than that of ADSCs-RM-3Cs
(P<0.0001) (Fig. 3F). After the intraperitoneal injec-
tion of GeADSCs-RM-Cs, the number of CD45 + and
CD3e+cells in the abdominal cavity decreased and
was significantly lower than that in the ADSC-RM-BC
group (P<0.0001) (Fig. 3G). After intrabitoneal injec-
tion of ADSCs-RM-BCs and GeADSCs-RM-BCs,
serum IFN-y was detected, and the level of IFN-y in
the GeADSC-RM-BC group was significantly lower
than that in the ADSC-RM-BC group (P<0.0001)
(Fig. 3H).

The immunogenicity of GeADSCs-RM-BCs was sig-
nificantly lower than that of ADSCS-RM-BCs but was
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greater than that of GeADSCs and similar to that of
ADSCs.

Results of the use of new islet 8 cells with low
immunogenicity in the treatment of canine
diabetes mellitus

Cell transplantation was carried out to treat dog diabetes
mellitus. The transplantation site was selected in the sub-
cutaneous adipose tissue of the medial thigh root of the
dog. The fibroin/collagen scaffold was implanted into the
transplantation site 30 days before cell transplantation.
After 30 days of stent implantation, some of the scaffold
remained at the transplant site, the surrounding tissues
grew into the scaffold, and blood vessels could be seen in
the scaffold. Implantation of the scaffold resulted in the
formation of a vascularized pouch at the transplant site
(Fig. 7A), which could provide living space for cells and
shorten the time of cell colonization. The Dil red fluo-
rescent probe was subsequently used to label the cells,
and the cells were injected into the scaffold at the trans-
plant site. The day of implantation was recorded as Day
0, and the blood glucose levels of the experimental dogs
were measured every 5 days. In Experimental Group 1
(GeADSCs-RM-BCs+ GeADSCs), the blood glucose level
of the dogs decreased below 15 mmol/L on Day 10, sta-
bilized from Day 25, began to rise on Day 215, and rose
above 15 mmol/L on Day 230 (Fig. 7B). In Experimen-
tal Group 2 (ADSCs-RM-BCs+ ADSCs), the blood glu-
cose level of the dogs decreased to less than 15 mmol/L
on Day 10, stabilized from Day 25, began to rise on Day
135, and rose to more than 15 mmol/L on Day 155. Insu-
lin (Morning: 4 IU, Evening: 4 IU) was injected from
Day 185, and the amount of insulin was adjusted at any
time until the blood glucose level became normal and
stable (Fig. 7B). In the control group (saline group), the
blood glucose level of the dogs continued to rise, insu-
lin was injected on the 120th day (Morning: 5 IU, Even-
ing: 5 IU), and the amount of insulin was adjusted at
any time until the blood sugar level became normal and
stable (Fig. 7B). In the glucose tolerance experiment, in
the GeADSC-RM-BC+GeADSC group and the ADSC-
RM-BC+ADSC group, the blood glucose level decreased
to near-normal levels after 120 min of glucose injec-
tion, whereas in the saline group, the blood glucose level
remained high (Fig. 7C). The implanted cells responded
to glucose stimulation.

These results indicate that RM-BCs can secrete insu-
lin, play a biological role, respond to glucose stimu-
lation in transplant recipients, and reduce the blood
glucose level in diabetic dogs. The time of GeADSCs-
RM-BCs+GeADSCs in vivo was significantly longer
than that of the ADSC-RM-BCs+ADSCs group, and
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Fig. 7 Low immunogenic new islet  cells treat canine diabetes mellitus. A. The fibroin/collagen scaffold was implanted into the transplantation
site. After 30 days, there was still a part of the scaffold (as shown by black arrow) at the transplant site, and blood vessels (as shown by black dotted
circle) could be seen in the scaffold. Implantation of the scaffold formed a vascularized pouch (as shown by black dotted square) at the transplant
site. B. The blood glucose of the experimental dogs. In GeADSCs-RM-BCs + GeADSCs group, the blood glucose of dogs dropped below 15 mmol/L
on day 10, stabilized from day 25, began to rise on day 215, and rose above 15 mmol/L on day 230. In ADSCs-RM-BCs+ADSCs group, the blood
glucose of dogs dropped below 15 mmol/L on day 10, stabilized from day 25, began to rise on day 135, and rose to more than 15 mmol/L on day
155. In saline group, the blood glucose of the dogs continued to rise. C. The glucose tolerance experiment. In the GeADSCs-RM-3Cs + GeADSCs
group and the ADSCs-RM-BCs +ADSCs group, blood glucose dropped to near-normal levels after 120 min of glucose injection, while in the saline

group, blood glucose remained high

GeADSCs-RM-BCs and GeADSCs could resist graft
rejection to a certain extent.

On the 50th day after cell transplantation, samples
were randomly selected from the transplant site. Frozen
section examination of the transplant site revealed that
there were still residual scaffolds at the transplant site
on the 50th day, and many cells gathered between the
scaffolds (Fig. 8A). Insulin immunofluorescence stain-
ing of the aggregated cells revealed that the aggregated
cells in Experimental Group 1 and Experimental Group 2
secreted insulin, whereas no insulin-secreting cells were
found in the control group (Fig. 8B). These insulin-secret-
ing cells also express red fluorescence, a marker made

with Dil prior to transplantation, demonstrating that
the transplanted islet beta cells can express insulin at the
transplant site (Fig. 8C). The above results also revealed
that the transplanted islet -cell clusters dispersed into
single cells after they entered the body, with only a small
number of cell clusters present (Fig. 8D). Moreover,
more neovascularization occurred at the transplanta-
tion site, the cells around the site of neovascularization
were implanted cells, and the implanted cells secreted
insulin, which was highly important for the colonization
and biological function of the implanted cells (Fig. 8E).
In addition, we examined the adipose tissue surround-
ing the transplant site and found that the implanted cells
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Fig. 8 The results of graft detection. A. There were still residual scaffolds in the transplant site on the 50th day, and many cells gathered

between the scaffolds. The blue dot is the nucleus, and the white arrow indicates the remnant scaffold. B. The aggregated cells in Experimental
Group 1 and Experimental Group 2 secreted insulin, while no insulin-secreting cells were found in the control group. Green fluorescence is insulin.
C. These insulin-secreting cells also express red fluorescence, the transplanted islet 3 cells can express insulin at the transplant site. D. Only a small
number of cell clusters present. E. The cells around the neovascularization were implanted cells, and the implanted cells secreted insulin. Yellow
circles indicate blood vessels. F. The implanted cells migrated to the surrounding adipose tissue and secreted insulin was distributed in the adipose
tissue

migrated to the surrounding adipose tissue and that
secreted insulin was distributed in the adipose tissue, but
this was not found in the control group (Fig. 8F). These
results indicate that the implanted cells can colonize and
migrate to the transplant site and secrete insulin.

Results of antigraft rejection by new islet 3 cells
with low immunogenicity

On the 80th day after cell transplantation, samples
were randomly selected from the transplant sites, and
the tissues were frozen and subjected to immuno-
fluorescence staining. In Experimental Groups 1 and
2, B-cell aggregation was observed, and the number
of B cells in Experimental Group 2 was significantly
greater than that in Experimental Group 1 (P<0.0001);
however, in the control group, only a very small num-
ber of B cells were aggregated, which was signifi-
cantly lower than that in Experimental Groups 1 and
2 (P<0.0001) (Fig. 9A and F). Moreover, macrophages
and NK cells were clustered at the cell transplantation
site in Experimental Groups 1 and 2, and the number

of macrophages and NK cells in Experimental Group 2
was extremely significantly greater than that in Experi-
mental Group 1 (P<0.0001), whereas the number of
NK cells and macrophages in the control group was
extremely significantly lower than that in Experimen-
tal Groups 1 and 2 (P<0.0001) (Fig. 9B and F). In the
helper T-cell assay, there was no significant difference
in the number of cells in Experimental Groups 1 and 2,
but the number of cells in both groups was significantly
greater than that in the control group (P<0.0001)
(Fig. 9C and F). The number of cytotoxic T cells in
Experimental Group 2 was extremely significantly
greater than that in the control group (P<0.0001) and
significantly greater than that in Experimental Group 1
(P<0.05), the Experimental Group 1 was significantly
greater than that in control group (P<0.05) (Fig. 9D
and F). Cytokine detection at the transplantation site
revealed that the levels of IL-2, IL-3, IL-4 and IL-6 in
Experimental Groups 1 and 2 were not significantly dif-
ferent from those in the control group. However, the
levels of IL-1, TNF and M-CSF in Experimental Group
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Fig. 9 The results of antigraft rejection of low immunogenic new islet 3 cells. A. In Experimental Groups 1 and 2, B-cell aggregation was observed.
CD21 indicates B-cell. B. Macrophages and NK cells can be seen clustered at the cell transplantation site in Experimental Groups 1 and 2.

CD16 indicates NK cells. CD68 indicates Macrophages cells. C. In the helper T cell assay, there was no significant difference in the number

of cells in Experimental Groups 1 and 2. CD4 indicates helper T cells. D. For cytotoxic T cells, Experimental Group 2 was significantly higher

than Experimental Group 1. CD8 indicates cytotoxic T cells. E. IL-2, IL-3, IL-4 and IL-6 in Experimental Groups 1 and 2 were not significantly different
from those in control group. In the detection of IL-1, TNF and M-CSF, Experimental Group 2 was significantly higher than Experimental Group 1
(****, P<0.0001), and Experimental Groups 1 and 2 were significantly higher than control group (####, AAAA, P<0.0001). F. **** and *** indicates
Experimental Group 2 was extremely significantly higher than control group. ####, ###, ## indicates Experimental Group 1 was extremely
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higher than Experimental Group 1

2 were significantly greater than those in Experimen-
tal Group 1 (P<0.000I), and those in Experimental
Groups 1 and 2 were significantly greater than those in
the control group (P <0.0001) (Fig. 9E).

Although there was transplantation rejection in both
Experimental Group 1 and Experimental Group 2, the
rate of transplantation rejection in Experimental Group
1 was significantly lower than that in Experimental
Group 2, thus prolonging the biological function time

of the cells in Experimental Group 1 and significantly
improving the clinical therapeutic effect.

Discussion

Halm et al. reported that after CRISPR-Cas9 technology
was used to eliminate the expression of MHC-I molecules
on the surface of human MSCs, the gene expression,
activity, proliferation and in vitro differentiation poten-
tial of MSCs were not affected, and the survival rate of
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cells after allotransplantation was significantly increased.
Eliminating the expression of MHC-I molecules on the
cell surface is an effective strategy to prevent the immune
rejection of allogeneic MSCs [14]. However, since MHC-1
is a ligand of the NK cell-killing inhibitory receptor, the
deletion of MHC-I can activate NK cells and kill the
allogeneic MSC-B2M knockout strain by NK cells after
transplantation in vivo [10]. Gutierrez et al. reported that
genetically engineered new islet  cells overexpressing
PD-L1 molecules on the cell surface reduced the stimula-
tion of T cells [4]. Therefore, double gene editing was per-
formed in this study; that is, the B2M gene was knocked
out, and the PD-L1 gene was overexpressed, with the goal
of obtaining allogeneic MSCs with lower immunogenic-
ity. In this study, it was found that allogeneic MSCs have
certain immunogenicity, which is significantly enhanced
after implantation in vivo, and can stimulate the body
to produce transplant rejection. However, after double-
gene editing, the biological function of GeADSCs is not
affected, and the immunogenicity of GeADSCs is signifi-
cantly reduced. After transplantation, the survival time of
GeADSCs in vivo is significantly longer than that of allo-
geneic MSCs. The GeADSCs obtained in this study can
play biological functions in the body for a longer period
of time and help to better repair tissues.

When allogeneic MSCs are differentiated, their immu-
nogenicity is significantly enhanced, and the recipient’s
immune system can be cleared more quickly after trans-
plantation in vivo, increasing the difficulty of clinical
application. When they are applied in tissue engineering
or cell transplantation therapy, it is necessary to consider
the impact of changes in immunogenicity on the effects
of transplantation [30]. In previous studies, we reported
that the immunogenicity of canine allogeneic MSCs was
significantly greater than that of adipose MSCs after their
differentiation into new islet B-cells, and the transplan-
tation of new islet B-cells could cause immune rejection
reactions, such as inflammatory cell and immune cell
infiltration, which shorten the time for the transplanta-
tion of transplanted cells to play a role, resulting in the
therapeutic effect not reaching the ideal state [6]. In this
study, the immunogenicity of allogeneic MSCs differenti-
ated into new islet B cells was significantly greater than
that of new islet B cells derived from GeADSCs, and
the low immunogenicity of GeADSCs could be main-
tained after cell differentiation, which could significantly
improve the effect of clinical transplantation treatment.
It is highly important to improve the use of these cells in
transplantation therapy and tissue engineering.

At present, many researchers have referred to the pro-
cess of pancreatic development and transdifferentiated
MSC:s into islet B-like cells through conditioned culture
medium or the overexpression of different transcription
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factors in MSCs [15, 23, 40, 28, 41]). However, many
problems remain: one is that there are not enough cells
after induction, and the other is that high-maturity islet
cells cannot be obtained. In 2022, the highly effective reg-
ulatory gene combination we screened can transdiffer-
entiate fat MSCs into new islet B-cells [6]. In this study,
we further optimized the procedure from one transfer
of multiple genes to two transfers, and after the trans-
fer of genes, small molecule induction was performed to
ensure adequate, more mature newborn islet beta cells.
The new islet B cells obtained in this study were tested
for a number of biological functions, which confirmed
the maturity of the new islet B cells. Single-cell sequenc-
ing revealed that multiple genes characteristic of mature
islet B cells were highly expressed in each cluster, further
demonstrating that the obtained cells were more mature
than the previously obtained cells were.

Moreover, the selection of the appropriate transplan-
tation site is also the main factor affecting the clinical
success of new islet B-cell transplantation therapy. Yohi-
chi et al. reported that the subcutaneous adipose tissue
of the thigh root has strong blood circulation, which is
convenient for transplantation operations, conducive to
the survival of transplanted cells, and could be used as a
cell transplantation site, indicating that the transplanta-
tion efficiency of this site was better than that of the liver
[36]. Compared with intrasplenic transplantation, intra-
hepatic transplantation and portal vein transplantation,
subcutaneous adipose tissue transplantation at the root
of the thigh is simpler and easier to perform, the status
of the graft can be detected, and hyperglycemia in the
body can be reversed after transplantation to meet treat-
ment needs. Naresh Kasoju et al. implanted a polylactide
cocaprolactone (PLCL) capsule scaffold containing the
proangiogenic factor VEGF into the omentum of mice
and obtained a suitable vascularized pouch 4 weeks later,
which could shorten the implantation time of the grafts
and prolong their survival time [20]. In this study, before
cell transplantation, a fibroin/collagen scaffold was
implanted at the transplant site. The implantation of the
scaffold formed a vascularized pouch at the transplant
site, which could provide living space and nutrition for
the cells, shorten the colonization time of the cells, and
enable the insulin secreted by the cells to quickly enter
the blood circulation and perform biological functions.

Studies on the treatment of diabetes with new islet 8
cells derived from MSC transplantation are mostly con-
ducted in rodents, and the full effect is rarely observed
in other diabetic model animals except mice. Even the
therapeutic effect on diabetic model mice is temporary
and lacks long-term effects [22, 24, 31]. In this study, we
used dogs as experimental animals to explore the effects
of cell transplantation therapy on large experimental
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animals. On Day 25 after the cells were transplanted
into diabetic dogs, the fasting blood glucose of the dogs
returned to normal, and they were able to respond to
sugar stimulation. In tests of the grafts, it was found that
the transplanted cells can express insulin, which can
quickly enter the surrounding blood vessels to play a bio-
logical role. At the same time, the cells can also migrate
to the surrounding fat tissue to secrete insulin. However,
in experimental Group 2, blood glucose levels in the dogs
began to rise on Day 135 after transplantation, possibly
due to transplant rejection. After the transplantation of
new islet B cells from normal canine ADSCs+ normal
canine ADSCs, the numbers of B cells, NK cells, mac-
rophages and cytotoxic T cells at the transplantation site
increased significantly, and the levels of cytokines such
as IL-1, TNF and M-CSF increased significantly. Parent
et al., by completely or selectively knocking out HLA-
ABC alleles, created immune-evasive human pluripotent
stem cells that reduced the immune response to islet-like
beta-cells derived from these cells, a strategy that signifi-
cantly reduced NK- and T-cell-mediated rejection [25].
In this study, we obtained GeADSCs by knocking out the
B2M gene and overexpressing the PD-L1 gene and then
obtained islet B-cells with lower immunogenicity. On the
215th day after transplantation, the dogs’ blood sugar
rose, and the cells remained functioning in the body for
longer periods. Compared with those in Experimental
Group 2, the numbers of related immune cells and related
cytokines were significantly lower, but both were sig-
nificantly greater than those in the control group. These
findings indicate that the low number of immune islet
[B-cells obtained in this study can significantly improve
the clinical therapeutic effect, but further improvement
of the antigraft rejection ability of these cells is still nec-
essary. Grafts are protected from host immune cell infil-
tration through physical barriers, such as the TheraCyte
encapsulation device system [9, 30] and alginate hydro-
gel microcapsules [30]. These physical barriers can sup-
port the ability of transplanted cells to maintain cell
behavior and protect the graft from the infiltration of
inherent immune cells. These factors may be one of the
ways to further solve the problem of cell transplantation
rejection.

Conclusion

In this study, the B2M gene was knocked out via gene
editing technology to cooperate with PD-L1 gene over-
expression, and safe GeAMSCs with biological char-
acteristics no difference from those of normal canine
ADSCs were obtained, with significantly reduced
immunogenicity and enhanced immune escape abil-
ity. The optimized induction program can induce the

Page 18 of 20

differentiation of MSCs into more mature islet -cells,
and the differentiation of GeAMSCs into newborn islet
B-cells can maintain low immunogenicity. Before cell
transplantation, a stent can be implanted to form a vas-
cularized pouch at the transplant site to shorten the cell
colonization time. After transplantation of low-immu-
nogenicity cells for the treatment of diabetic dogs, the
therapeutic effect and antirejection ability of trans-
plantation significantly increased. We hope that these
results provide a theoretical and technical reference
for solving the problem of transplantation rejection in
ADSC:s or their post-differentiation.
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