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Engineered immunomodulatory accessory cells 
improve experimental allogeneic islet transplantation 
without immunosuppression
Xi Wang1, Kai Wang2,3, Ming Yu4, Diana Velluto5, Xuechong Hong2,3, Bo Wang1, Alan Chiu1,  
Juan M. Melero-Martin2,3,6, Alice A. Tomei5,7,8, Minglin Ma1*

Islet transplantation has been established as a viable treatment modality for type 1 diabetes. However, the side 
effects of the systemic immunosuppression required for patients often outweigh its benefits. Here, we engineer 
programmed death ligand-1 and cytotoxic T lymphocyte antigen 4 immunoglobulin fusion protein–modified 
mesenchymal stromal cells (MSCs) as accessory cells for islet cotransplantation. The engineered MSCs (eMSCs) 
improved the outcome of both syngeneic and allogeneic islet transplantation in diabetic mice and resulted in 
allograft survival for up to 100 days without any systemic immunosuppression. Immunophenotyping revealed 
reduced infiltration of CD4+ or CD8+ T effector cells and increased infiltration of T regulatory cells within the 
allografts cotransplanted with eMSCs compared to controls. The results suggest that the eMSCs can induce local 
immunomodulation and may be applicable in clinical islet transplantation to reduce or minimize the need of sys-
temic immunosuppression and ameliorate its negative impact.

INTRODUCTION
Type 1 diabetes (T1D) is an autoimmune disease in which immune 
cells (mainly CD8+ T cells) mistakenly attack  cells, causing defi-
ciency of insulin and elevation of blood glucose. Replacement of  cells 
by allogeneic islet transplantation via portal vein has been established 
in clinics all over the world and shown to improve glycemic control 
among patients (1, 2). However, systemic immunosuppression, 
required to prevent allograft rejection, may be toxic to islets and, 
more importantly, has deleterious side effects to patients (3, 4). Of 
note, for most T1D patients, the systemic immunosuppression is 
riskier than long-term standard management with exogenous insulin 
supplementation, which makes eliminating systemic immunosup-
pression critical to  cell replacement therapies. Novel strategies to 
circumvent the challenges associated with systemic immunosuppres-
sion have been extensively pursued for islet transplantation recently 
including immunoprotection using cell encapsulation devices (5–8) 
and induction of local immunotolerance toward allogeneic islets 
(9). Compared to cell encapsulation, the local immunomodulation 
approach is considered as “open,” involving no physical barrier be-
tween the graft and the body and therefore can potentially allow 
better and direct host integration.

In general, T cells play a critical role in allograft rejection (10, 11). 
Upon recognition of alloantigens, a costimulatory signal, commonly 
provided by B7-1 (CD80) or B7-2 (CD86) ligands on antigen- 
presenting cells (APCs) that interact with CD28 on T cells, is necessary 
for T cell activation (9). Thus, modulation of T cell costimulatory 
pathways, including blocking T cell costimulation and/or providing 

negative modulatory signals, has been investigated and used to im-
prove graft survival and functionality. Specifically, the programmed 
death-1 (PD-1)/programmed death ligand-1 (PD-L1) interaction is 
a well-studied negative costimulatory pathway, which is critical in 
maintaining peripheral tolerance and immunological homeostasis (12). 
Targeting the PD-1/PD-L1 pathway was shown to regulate and 
delay immune destruction of allograft in cardiac (13, 14), islet (15), 
and corneal (16) transplantation. Similarly, the cytotoxic T lympho-
cyte antigen 4 immunoglobulin (CTLA4-Ig) fusion protein, which 
competitively blocks the CD28-B7 pathways, was shown to inhibit 
T cell activation (17) and prevent allograft rejection in skin (18), 
cardiac (19, 20), liver (21), and islet (22, 23) transplantation. In ad-
dition, PD-L1 and CTLA4-Ig have been demonstrated to inhibit 
T cell activity in a nonredundant way (24, 25). Despite these promising 
developments, the PD-L1 or CTLA4-Ig was often administered 
systemically and cause nonspecific immune responses and immune- 
related toxicity (26). Thus, there is great interest in targeted delivery 
of immunomodulatory molecules and localized regulation of im-
mune responses within the graft microenvironment.

Multiple studies have reported strategies of using the PD-L1 or 
CTLA4 immune checkpoint pathways to improve islet transplan-
tation in a localized manner. For example, researchers engineered 
functional biomaterial platforms [poly(ethylene glycol) (PEG) 
microgels] to display PD-L1, which have been shown to achieve long- 
term allogeneic islet graft function in diabetic mouse models with a 
short-term (15 days) administration of rapamycin (27). A major ad-
vantage of the biomaterial approach is that the biomaterial can be 
prefabricated, and there is a minimal need, if any, to manipulate or 
modify the islets. However, biomaterials can cause foreign body re-
sponses and induce antibodies (e.g., anti-PEG antibodies) and may 
be challenging to be applied in current clinical islet transplantation 
through the portal vein. In addition, the immunomodulatory ligands 
delivered or presented via biomaterials may degrade or be depleted 
over time. Alternatively, mouse islets were modified with PD-L1/
CTLA4-Ig (28) or PD-L1 (29, 30), which resulted in protection of islets 
from acute rejection. Although modifying islets is a straightforward 

1Department of Biological and Environmental Engineering, Cornell University, 
Ithaca, NY 14853, USA. 2Department of Cardiac Surgery, Boston Children’s Hospital, 
Boston, MA 02115, USA. 3Department of Surgery, Harvard Medical School, Boston, MA 
02115, USA. 4Department of Surgery, Hospital of the University of Pennsylvania, 
Philadelphia, PA 19104, USA. 5Diabetes Research Institute, University of Miami 
Miller School of Medicine, Miami, FL 33136, USA. 6Harvard Stem Cell Institute, Cambridge, 
MA 02138, USA. 7Department of Biomedical Engineering, University of Miami, Miami, 
FL 33146, USA. 8Department of Surgery, University of Miami Miller School of Medi-
cine, Miami, FL 33136, USA.
*Corresponding author. Email: mm826@cornell.edu

Copyright © 2022 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).

mailto:mm826@cornell.edu


Wang et al., Sci. Adv. 8, eabn0071 (2022)     22 July 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 16

approach, the modification takes time and may be challenging to be 
applied in clinical settings, especially given that human islets are not 
easy to maintain in vitro for a long time.

Overcoming these challenges and developing an approach that 
protects the graft locally require no modification of islets and may 
be compatible with current clinical islet transplantation; thus, we 
engineered mesenchymal stromal cells (eMSCs) with overexpression 
of both PD-L1 and CTLA4-Ig as accessory cells for islet cotransplan-
tation (Fig. 1A). The eMSCs suppressed activation and proliferation 
of allogeneic and diabetogenic CD4+ and CD8+ T cells in vitro after 
3 days of coculture. The immunomodulatory function of the PD-L1 
and CTLA4-Ig expression was further confirmed by delayed rejection 
of similarly engineered allogeneic 4T1 cells in immunocompetent 
mice. The therapeutic potential of the eMSCs was demonstrated in 
two scenarios of islet transplantation (Fig. 1B). In an allogeneic mouse 
transplantation model, islets transplanted with the eMSCs in kidney 
capsules functioned and corrected diabetes for up to 100 days without 
any systemic immunosuppression, while islets transplanted with 
unmodified MSCs or alone were rejected by days 20 and 14, respectively. 
Even in a syngeneic model, the eMSCs prolonged and enhanced the 
islet function, likely due to their anti-inflammatory and paracrine 
effects. Immunological profiling of explanted allografts with or without 
eMSCs showed that the eMSCs reduced the infiltration of CD4+ or 
CD8+ T effector (Teff) cells and promoted graft infiltration of regula-
tory T (Treg) cells within the graft microenvironment. We also 
confirmed that the immunomodulatory effect was local as allogeneic 
islets transplanted in the other kidney capsule of the same mouse were 
still rapidly rejected. Our results in mice suggest that PD-L1/CTLA4-
Ig–expressing eMSCs can immunologically protect cotransplanted 
islets and may be applicable as accessory cells in clinical islet transplan-
tation to improve graft function, minimize systemic immunosup-
pression, and ameliorate its negative impact.

RESULTS
Engineering and characterizations of MSCs expressing 
PD-L1 and CTLA4-Ig
MSCs derived from bone marrow of C57BL/6 mice were chosen as 
starting cells because MSCs exist abundantly in multiple tissues and 
have been shown to be promising in multiple therapeutic ap-
plications (31). Before modification, the MSCs were positive for 
mesenchymal stromal cell markers such as CD29 (99%), SCA-1 

(94.4%), and CD44 (99.7%) and negative with CD31 (0.033%), CD45 
(0.0065%), and CD117 (0.086%) (fig. S1). The eMSCs expressing 
PD-L1 and CTLA4-Ig were generated by transfection using lentivirus 
carrying targeted genes (mouse PD-L1 and CTLA4-Ig) and selec-
tion through antibiotic blasticidin (Bsd) (Fig. 2A). Gene expression 
of PD-L1 and CTLA4-Ig demonstrated that both genes were incor-
porated into the genome and highly expressed in the eMSCs, with 
a 500-fold and 800-fold change compared to MSCs, respectively 
(Fig. 2B). In the meantime, cell modification did not alter the gene 
expression of other selected molecules examined such as transform-
ing growth factor 1, arginase 1, inducible nitric oxide synthase, 
and tumor necrosis factor– (fig. S2) in eMSCs compared to MSCs 
(P > 0.05). Western blot analysis with specific anti–PD-L1 and anti–
CTLA4 antibodies verified PD-L1 (55 kDa) and CTLA4 (62 kDa) 
expressions in the eMSCs (Fig. 2C). Using enzyme-linked immuno-
sorbent assay (ELISA), CTLA4-Ig was detected in the culture medi-
um of eMSCs after in vitro culture for 6 hours, while no CTLA4-Ig 
was detected in that of MSCs, confirming the secretion of CTLA4-Ig 
as a soluble factor by the eMSCs (Fig. 2D). Flow cytometry showed 
that 97.1% eMSCs expressed both CD29 and PD-L1 markers, while 
almost no expression of PD-L1 was detected on MSCs (Fig. 2E). 
Immunofluorescent staining images further confirmed the expres-
sion of PD-L1 on eMSCs but not MSCs (Fig. 2F).

After verification of PD-L1 and CTLA4-Ig expression by eMSCs, 
we investigated their ability to suppress T cell function via an in vitro 
T cell proliferation and activation assay. We cocultured allogeneic 
and diabetogenic splenocytes isolated from either transgenic BDC2.5 
nonobese diabetic (NOD) mice [CD4 T cells with transgenic T cell 
receptor (TCR) specific for the BDC2.5 mimotope presented on 
MHCII] or from transgenic NY8.3 NOD mice [CD8 T cells with 
transgenic TCR specific for the islet-specific glucose-6-phosphatase 
catalytic subunit-related protein (IGRP) peptide presented on MHCI], 
labeled with a cell proliferation dye (CellTrace) and pulsed with 
either the BDC2.5 mimotope or the IGRP peptide, with MSCs or eMSCs 
at a ratio of 5:1 (splenocytes:MSCs), followed by flow cytometry analysis 
of T cell proliferation and activation, respectively. The data indi-
cated that more than 80% of CD4 T cells and CD8 T cells proliferated 
when splenocytes were stimulated by the BDC2.5 mimotope and 
the IGRP peptide, respectively (Fig. 2, G to J). While MSCs did not 
have an effect on either CD4 or CD8 T cell proliferation, eMSCs 
suppressed the proliferation of both CD4+ and CD8+ allogeneic and 
diabetogenic T cells compared to MSCs (Fig. 2, G to J). Quantitative 

Fig. 1. Schematics of local immunotolerance induction by eMSCs. (A) Local immunomodulation with eMSCs expressing PD-L1 and CTLA4-Ig protects allogeneic islets 
from being rejected. (B) Experimental design of animal studies showing the syngeneic or allogeneic islets without MSCs, with MSC spheroids, or with eMSC spheroids that 
were transplanted into diabetic C57BL/6 mice in the kidney capsule.
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Fig. 2. In vitro characterization of eMSCs expressing PD-L1 and CTLA4-Ig. (A) Experimental outline for generating eMSCs. (B) mRNA expression of PD-L1 and CTLA4-Ig 
in MSCs and eMSCs (normalized to GAPDH expression) (n = 4). (C) Western blot analysis of PD-L1 and CTLA4-Ig in MSCs and eMSCs. (D) The concentration of CTLA4-Ig in 
the culture medium of MSCs and eMSCs (n = 4). (E) Flow cytometric plots of MSCs and eMSCs stained for CD29 and PD-L1. (F) Immunofluorescent staining of MSCs and 
eMSCs with antibodies (green, PD-L1; blue, DAPI). (G) In vitro CD4+ T cell proliferation as measured by CellTrace dilution. (H) Quantitative analysis of proliferated CD4+ 
T cell percentage shown in (G) (n = 3). (I) In vitro CD8+ T cell proliferation as measured by CellTrace dilution. (J) Quantitative analysis of proliferated CD8+ T cell percentage 
shown in (I) (n = 3). (K) Quantitative analysis of activated CD4+ T cell percentage (n = 3). (L) Quantitative analysis of activated CD8+ T cell percentage (n = 3). (M) Flow 
cytometry plots of T cells stained with CD8 and granzyme B. (N) Quantitative analysis of cytotoxic CD8+ T cell percentage shown in (M). The two-tailed Student’s t test was 
performed when the data consisted of only two groups. One-way ANOVA followed by Tukey’s test was performed for comparing the multigroup data. The level of signif-
icance was labeled by *, **, ***, and ****, denoting P values of <0.05, <0.01, <0.001, and <0.0001, respectively. Scale bars, 100 m (F).
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analysis confirmed the proliferation inhibition of both allogeneic 
and diabetogenic CD4+ and CD8+ T cells when cocultured with 
eMSCs (Fig. 2, H and J). Similarly, stimulated by the BDC2.5 mimo-
tope or the IGRP peptide, more than 95% CD4 T cells and around 
55% CD8 T cells were highly activated as upregulation of CD25 
and CD44 (Fig.  2,  K  and  L, and fig. S3). While MSCs did not 
have an influence on either CD4 or CD8 T cell activation, eMSCs 
significantly reduced the percentage of activated CD4 T cells (CD4+ 
CD25+CD44+) and activated CD8 T cells (CD8+CD25+CD44+) com-
pared to the no-MSC and MSC groups (P < 0.01) (Fig. 2, K and L, and 
fig. S3). Furthermore, cytotoxic CD8+ T cells were identified by 
their expression of granzyme B. The data showed that around 24 and 
33.2% of CD8 T cells were granzyme B+ after IGRP stimulation in 
the no-MSC and MSC groups, respectively (Fig. 2, M and N, and fig. S3). 
In contrast, around 7.1% CD8 T cells showed a cytotoxic phenotype 
as granzyme B expression in the eMSC group. Thus, eMSCs signifi-
cantly inhibited cytotoxic CD8 T cell generation (CD8+ granzyme 
B+) compared to MSCs (P < 0.05) (Fig. 2, M and N, and fig. S3).

PD-L1 and CTLA4-Ig expression delays allogeneic cell rejection
To evaluate whether the PD-L1 and CTLA4-Ig expression itself can 
protect allogeneic cells from immune rejection, we transfected 4T1 

cells from BALB/c mice, a common and robust cell line, with two 
lentivirus vectors carrying green fluorescent protein (GFP)/luciferase 
and PD-L1/CTLA4-Ig, respectively. The GFP/luciferase 4T1 cells 
were first generated (fig. S4A) and then modified with PD-L1/
CTLA4-Ig. Flow cytometry revealed that around 91% of modified 
cells overexpressed PD-L1, while only 3% of native 4T1 cells had 
PD-L1 expression (Fig. 3A). The GFP/luciferase-expressing 4T1 cells, 
with or without PD-L1/CTLA4-Ig expression, were transplanted in 
the right hindlimbs of healthy allogeneic C57BL/6 mice, and their 
survival was compared through bioluminescent imaging. The results 
showed that 4T1 cells without PD-L1/CTLA4-Ig expression were 
rejected within 14 days after transplantation in all C57BL/6 recipi-
ents (five of five), while PD-L1/CTLA4-Ig–expressing 4T1 cells sur-
vived in four of five animals at 14 days after transplantation, with 
one that survived for as long as 60 days (Fig. 3, B and C). The sur-
vival curve indicated that expression of PD-L1 and CTLA4-Ig sig-
nificantly delayed allorejection (Fig. 3D), with a median survival time 
of 21 days (P < 0.05).

A 4T1 tumor was formed in the hindlimb of allogeneic mouse 
60 days after the injection of modified 4T1 cells (Fig. 3E). As con-
trol, GFP/luciferase-expressing native 4T1 cells were injected into 
the hindlimb of syngeneic BALB/c mice (fig. S4, B and C), which 

Fig. 3. Expression of PD-L1 and CTLA4-Ig in 4T1 breast cancer cells delays allorejection. (A) Flow cytometric dot plots of native 4T1 and modified 4T1 stained for 
PD-L1. (B) Bioluminescent images of healthy C57BL/6 mice transplanted with native 4T1 cells and modified 4T1 cells (derived from fully MHC-mismatched BALB/c) in right 
hindlimb (n = 5). (C) Quantitative analysis of the bioluminescent intensity of the engrafted cells shown in (B). Each line represents one mouse (n = 5). (D) Graft survival 
curve of healthy C57BL/6 mice receiving native 4T1 and modified 4T1 cells. (E) Representative H&E staining images of native 4T1 cells engrafted in syngeneic BALB/c mice 
(left) and modified 4T1 cells engrafted in allogeneic C57BL/6 mice (right). Representative digital images of 4T1 tumor grown in syngeneic and allogeneic mice in the right 
hindlimb are shown in the inset. (F) Representative immunofluorescent images of native 4T1 cells engrafted in syngeneic BALB/c mice (left) and modified 4T1 cells 
engrafted in allogeneic C57BL/6 mice (right) stained with antibodies (green, PD-L1; blue, DAPI). (G) Flow cytometry analysis of native 4T1 cells isolated from the tumor 
grown in syngeneic mice and modified 4T1 cells isolated from long-term grafts in allogeneic mice after 60 days with PD-L1 marker. Survival curve was analyzed using a 
Mantel-Cox test. The level of significance was labeled by *, denoting a P value of <0.05. Scale bars, 50 m (F) and 100 m (E).



Wang et al., Sci. Adv. 8, eabn0071 (2022)     22 July 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

5 of 16

also formed a tumor (Fig. 3E). The morphology of the 4T1 tumor 
engrafted in the allogeneic C57BL/6 mouse was similar to that of the 
tumor formed by native 4T1 cells in the syngeneic BALB/c mouse at 
60 days (Fig. 3E). Immunofluorescent staining showed that most of 
the cells within the modified 4T1 allograft were stained with PD-L1, 
while very few cells within the native 4T1 syngeneic graft expressed 
PD-L1 (Fig. 3F). Both the allograft and syngeneic graft cells were 
isolated from the tumor and further analyzed by flow cytometry. 
Not unexpectedly, 90.3% of engrafted cells expressed PD-L1, while 
only 0.8% of native 4T1 cells were positive with PD-L1 expression 
(Fig. 3G). Together, these data demonstrated that the expression of 
PD-L1 and CTLA4-Ig itself delayed allorejection.

PD-L1/CTLA4-Ig–overexpressing MSCs improve syngeneic 
islet transplantation
After confirming the immunomodulatory effects of PD-L1/CTLA4-Ig 
expression in allogeneic cells, we started to explore the therapeutic 
potential of the eMSCs as protective accessory cells in islet trans-
plantation. First, we examined the in vitro biocompatibility of the 
eMSCs with islets by coculturing mouse islets with MSCs or eMSCs 
for 24 hours (fig. S5A), using islets cultured alone as control. The live 
and dead imaging and quantitative analysis of fluorescence intensity 
demonstrated that there was no difference in terms of the viability 
of the islets among the three groups (Fig. 4, A and B). Furthermore, 
to test the function of islets after coculture, the glucose-stimulated 
insulin secretion (GSIS) assay was carried out in vitro. Islets from all 
groups responded to low and high glucose and secreted more insu-
lin at high glucose than at low glucose while maintaining their capa-
bility to shut down insulin secretion during a second low-glucose 
treatment (fig. S5B). The stimulation index (SI) (the ratio of insulin 
secretion at high glucose to that at low glucose) of islets cocultured 
with MSCs or eMSCs was significantly higher than that of islets cul-
tured alone (P < 0.05) (Fig. 4C). This was likely caused by the bene-
ficial paracrine effects between the MSCs and the islets (32–36).

Then, we investigated the persistence of MSC single cells and MSC 
spheroids in vivo. The GFP/luciferase MSCs were generated as re-
ported previously (5). A total of 500 to 600 GFP/luciferase MSC 
spheroids (fig. S6A) and the corresponding number of GFP/luciferase 
MSC single cells were transplanted under the kidney capsule of 
healthy C57BL/6 mice. The whole-body images showed that no bio-
luminescent signals were detected after 14 days in mice receiving 
MSC single cells, while MSC spheroids survived as long as 30 days 
(fig. S6, B and C). Thus, MSC spheroids were chosen for the further 
experiments rather than MSC single-cell suspension because of the 
improved survival in vivo.

Next, we cotransplanted a marginal dose [150 to 200 islet equiv-
alent (IEQ)] of syngeneic islets without MSCs (no-MSC group), with 
(500 to 600) MSC spheroids (MSC group), or with (500 to 600) eMSC 
spheroids (eMSC group) in the kidney capsule of streptozotocin 
(STZ)–induced C57BL/6 diabetic mice. The dosage of MSC spher-
oids was determined on the basis of the balance of having enough 
eMSCs to protect allogeneic islets while not occupying too much space 
and competing for oxygen and nutrients with islets. Non–fasting 
blood glucose curves showed that none of the mice in the no-MSC 
group and one of four mice in the MSC group became normoglyce-
mic after transplantation (Fig. 4D). However, four of five mice 
reversed diabetes 4 days after transplantation in the eMSC group 
(Fig. 4D). The curve of diabetic mice percentage demonstrated that 
eMSCs significantly (P < 0.05) improved syngeneic islet engraftment 

with a median time to cure of 4 days and reduced islet number 
needed for diabetes correction (Fig.  4E). The intraperitoneal glu-
cose tolerance test (IPGTT) performed on mice with different grafts 
on day 30 showed that four engrafted mice receiving islets with 
eMSCs and one engrafted mouse receiving islets with MSCs cleared 
blood glucose within 2 hours after injection (Fig. 4F); all other re-
cipients failed to achieve metabolic control over glucose (Fig. 4F). 
The hematoxylin and eosin (H&E) and immunofluorescent stain-
ing showed the engraftment of islets cotransplanted with eMSCs in 
the kidney capsule and the expression of insulin and glucagon with-
in the islets 30 days after transplantation (Fig. 4, G to I, and fig. S7). 
In contrast, islets without MSCs or with native MSCs were found to 
be less maintained in the kidney capsule as shown in the H&E stain-
ing (fig. S8). The improved outcome by the eMSCs may be due to 
their anti-inflammatory function, which will be discussed in more 
detail later.

PD-L1/CTLA4-Ig–overexpressing MSCs improve allogeneic 
islet transplantation
A more clinically relevant application of immunoprotective acces-
sory cells such as the eMSCs would be for allogeneic transplanta-
tion. We therefore cotransplanted BALB/c mouse islets with eMSCs 
into diabetic C57BL/6 mice to test whether they could delay allore-
jection. Islets transplanted without MSCs (no-MSC group) or with 
native MSCs (MSC group) were included as control. In each mouse, 
around 500 to 600 IEQ BALB/c mouse islets were transplanted in 
one of the kidney capsules (Fig. 5A). The blood glucose curves showed 
that BALB/c islets in the no-MSC group or MSC group were all re-
jected within 14 and 20 days, respectively (Fig. 5, B and C). In con-
trast, mice transplanted with islets and 500 to 600 eMSC spheroids 
maintained normoglycemia for as long as 100 days (Fig. 5, B and C). 
Quantitative analysis showed that allogeneic islets cotransplanted 
with eMSCs survived significantly longer than the other two groups 
(P  <  0.0001) (Fig.  5C). The median survival times of these three 
groups were 14 days (no MSC), 14 days (MSC), and 40 days (eMSC) 
(n = 9), indicating that the eMSCs significantly delayed allorejection 
and prolonged allograft survival compared to other groups (P  < 
0.0001) (Fig. 5, B and C). The IPGTT performed on mice with dif-
ferent grafts on day 30 showed that mice receiving islets with eMSCs 
cleared blood glucose within 2 hours after injection, similar to the healthy 
mice, while those receiving islets without MSCs or with MSCs failed 
to achieve metabolic control over glucose (Fig. 5D and fig. S9).

To continuously and more directly monitor islet survival in vivo, 
around 500 IEQ GFP/luciferase expressing friend virus B (FVB) 
mouse islets were transplanted in the kidney capsule of diabetic 
C57BL/6 mice. The bioluminescent imaging showed that the signal 
was localized in the kidney, and allogeneic islets without MSCs were 
rejected within 14 days (Fig. 5E). Although better islet survival was 
observed within 7 days when islets were cotransplanted with MSCs 
compared to the no-MSC group, the islets were eventually rejected 
within 14 days (Fig. 5, E and F). However, the bioluminescent signal 
lasted for as long as 70 days when islets were cotransplanted with 
the eMSCs, and they were not completely rejected until day 84 
(Fig. 5, E and F). Quantitative analysis confirmed that the eMSCs 
significantly improved allogeneic islet survival compared to no-MSC 
and MSC groups (P < 0.001) (Fig. 5, F and G).

We then asked the question whether the immunomodulatory 
effects of the eMSCs are only local and not systemic. To answer 
this question, we investigated the systemic immune response in the 
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spleen of diabetic C57BL/6 mice receiving allogeneic islets with/
without MSCs or with eMSCs on day 14 after transplantation. The 
data suggested that CD3+ T cells and PD-1+ cells were observed in 
the spleen in all three groups with an average density of 10,000 and 
15,000 cells/mm2, respectively (fig. S10). There was no difference 
among the three groups in terms of the CD3+ T cell and PD-1+ cell 

densities (P > 0.05) (fig. S10, B and C). Besides this, we transplanted 
~500 to 600 IEQ BALB/c islets and 500 to 600 eMSC spheroids sep-
arately into two kidneys in the same C57BL/6 mouse recipient with 
diabetes (fig. S11A). The blood glucose curves showed that islets 
were rejected in all the recipients within 14 days, and the eMSCs 
did not have any protective effects on allogeneic islets that were 

Fig. 4. PD-L1/CTLA4-Ig–overexpressing eMSCs improve syngeneic islet transplantation in mice. (A) Live and dead staining of islets cocultured without MSCs, with 
MSC spheroids, or with eMSC spheroids in vitro for 24 hours (green, live cells; red, dead cells). (B) Quantitative analysis of fluorescence intensity of images shown in (A) 
(n = 5). (C) Stimulation index of islets (the ratio of insulin secretion at high glucose to that at low glucose) cocultured without MSCs, with MSC spheroids, or with eMSC 
spheroids for 24 hours (n = 4 to 5). (D) Blood glucose curves of diabetic C57BL/6 mice transplanted with syngeneic islets with a marginal dosage without MSCs (no-MSC 
group) (n = 3), with MSC spheroids (MSC group) (n = 4), and with eMSC spheroids (eMSC group) (n = 5) in the kidney capsule. (E) Graft survival curves of indicated groups 
shown in (D). (F) Blood glucose measurement in the intraperitoneal glucose tolerance test of different groups (n = 3 to 5). (G) Representative H&E staining of syngeneic 
islets with eMSC engrafted in diabetic C57BL/6 mice in the kidney capsule. (H) Representative immunofluorescent staining of syngeneic islets with eMSCs engrafted in 
diabetic C57BL/6 mice in the kidney capsule. DAPI (gray), insulin (INS, magenta), and glucagon (GCG, green). (I) Higher magnification of islets in (H). One-way ANOVA 
followed by Tukey’s test was performed for comparing the multigroup data. Survival curve was analyzed using a Mantel-Cox test. The level of significance was labeled by 
n.s., *, and **, denoting nonsignificant and P values of <0.05 and <0.01, respectively. Scale bars, 50 m (A and I) and 100 m (G and H).
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transplanted in different kidney capsules (fig. S11B). Together, the 
data suggest that the immunomodulation by the eMSCs is a local 
effect (figs. S10 and S11).

PD-L1/CTLA4-Ig–overexpressing MSCs promote immune 
tolerant microenvironment
To understand how the eMSCs protected the islets from allorejec-
tion, we first examined the progression of immune response in allo-
geneic islet grafts with no MSCs. Grafts were retrieved on days 5, 8, 
and 15 and analyzed by H&E and immunofluorescent staining. 
Histological images demonstrated that host immune cells infiltrated 
the allograft on day 5, accumulated around the islets on day 8, and, 
lastly, replaced islet cells on day 15 (fig. S12). Immunofluorescent 
staining images of grafts showed that insulin+  cells were surrounded 
and infiltrated by host CD3+ T cells (fig. S13, A and B). The ratio of 
CD3+ T cells to insulin+  cells in allograft retrieved on day 8 was 
significantly higher than that on day 5 (P < 0.01), indicating pro-
gressive T cell infiltration over time (fig. S13, A to C). Costaining of 
CD3 with CD4 or CD3 with CD8 demonstrated that the infiltrated 
T cells were CD4+ or CD8+ T cells (fig. S13, D to I) and both types of 
cells increased in number significantly from day 5 to day 8 (P < 0.05), 
a time point we chose for the immune profiling in all the groups.

We next characterized the immune cells at the graft site in re-
sponse to the PD-L1/CTLA4-Ig presentation by transplanting allogeneic 

islets (500 IEQ) without any MSCs or with either MSCs or eMSCs 
into diabetic C57BL/6 mice. On day 8 after transplantation, the 
grafts were explanted and the cells within the graft tissues were 
isolated. Flow cytometry analysis was carried out to identify the 
immune cell population based on the expression of markers includ-
ing CD45, CD3, CD4, CD8, CD25, CD44, CD62L, CD11c, CD86, 
Foxp3, and PD-1 (fig. S14). Results showed that the percentage of 
CD3+ T cells in eMSC grafts was significantly lower than those in 
no-MSC grafts and MSC grafts (P < 0.01) (Fig. 6A). Although there 
was no difference in terms of the CD4+ T cell percentage in CD45+ 
cell population among different groups (P > 0.05), the CD8+ T cells 
in the CD45+ cell population were significantly fewer in the eMSC 
group compared to the other two groups (P < 0.01) (fig. S15, A and 
B). In addition, more CD4+ T cells and fewer CD8+ T cells were 
observed within the CD3+ T cell population in the eMSC group 
compared to the other two groups (P < 0.05) (fig. S15, C and 
D). Furthermore, the percentage of CD4+ and CD8+ Teff cells 
(CD44hiCD62Llo) and activated dendritic cells (CD11c+CD86+) 
also decreased significantly in eMSC grafts compared to the other 
groups (P < 0.05) (Fig. 6, B to D). It was additionally found that the 
percentage of CD8+ T cells expressing an exhaustion/anergy marker 
such as PD-1 increased significantly in the eMSC group compared 
to the no-MSC group (P < 0.01) (Fig. 6E). Further investigation re-
vealed that the percentage of CD4+ Treg cells (CD4+CD25+Foxp3+) 

Fig. 5. PD-L1/CTLA4-Ig–overexpressing eMSCs delay allogeneic islet rejection in mice. (A) Representative digital images of kidneys transplanted with islets alone 
(top) or with either MSC or eMSC spheroids (bottom). (B) Blood glucose curves of diabetic C57BL/6 mice transplanted with BALB/c islets without MSCs (no-MSC group) 
(n = 9), BALB/c islets with MSC spheroids (MSC group) (n = 9), and BALB/c islets with eMSC spheroids (eMSC group) (n = 9) in the kidney capsule. (C) Graft survival curve of 
indicated groups shown in (B). (D) Blood glucose measurement in the intraperitoneal glucose tolerance test of different groups (n = 3). (E) Bioluminescent images of dia-
betic C57BL/6 mice transplanted with GFP/luciferase FVB mouse islets without MSCs (no-MSC group) (n = 6), with MSC spheroids (MSC group) (n = 6), or with eMSC 
spheroids (eMSC group) (n = 8) in the kidney capsule. (F) Quantitative analysis of bioluminescent signals measured in mice with different grafts (n = 6 to 8). (G) Graft sur-
vival curve of indicated groups in (F) (n = 6 to 8). Survival curve was analyzed using a Mantel-Cox test. The level of significance was labeled by *** and ****, denoting 
P values of <0.001 and <0.0001, respectively.
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Fig. 6. Characterization of immune cells in the local microenvironment of the islet allografts in mice. (A) Percentage of CD3+ T cells in CD45+ cells (n = 4). (B) Per-
centage of CD4+ Teff cells in CD4+ T cells (n = 4). (C) Percentage of CD8+ Teff cells in CD8+ T cells (n = 4). (D) Percentage of activated dendritic cells (DCs) in DCs 
(n = 4). (E) Percentage of PD-1+ cells in CD8+ T cells (n = 4). (F) Percentage of Treg cells in CD4+ T cells (n = 4). (G) Ratio of Treg to CD4+ Teff cells (n = 4). (H) Ratio of Treg cells 
to CD8+ Teff cells (n = 4). (I) Representative immunofluorescent staining of islet grafts (DAPI, blue; INS, red; CD3, green). (J) Ratio of CD3+ T cells to insulin+  cells shown in 
(I) (n = 5). (K) Representative immunofluorescent staining of islet grafts (DAPI, blue; CD4. red; CD3, green). (L) Quantitative analysis of CD4+ T cell density shown in (K) 
(n = 5). (M) Representative immunofluorescent staining of islet grafts (DAPI, blue; CD8, red; CD3, green). (N) Quantitative analysis of CD8+ T cell density shown in (M) 
(n = 5). One-way ANOVA followed by Tukey’s test was performed for comparing the multigroup data. The level of significance was labeled by n.s., *, **, ***, and 
****, denoting nonsignificant and P values of <0.05, <0.01, <0.001, and <0.0001, respectively. Scale bars, 50 m (I, K, and M).
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(Fig. 6F) and the ratio of CD4+ Treg cells to CD4+ or CD8+ Teff cells 
(Fig. 6, G and H) in the eMSC group were significantly higher than 
those in the other two groups (P < 0.05).

Histological analysis of different grafts retrieved on day 8 cor-
roborated the trends observed from flow cytometry. Specifically, 
immunofluorescent staining showed that the density of CD3+ 
T cells and the ratio of CD3+ T cells to insulin+  cells decreased 
significantly in allografts cotransplanted with eMSCs than those 
without MSCs or with MSCs (P < 0.05) (Fig. 6, I and J). The densi-
ties of CD4+ and CD8+ T cells in the grafts cotransplanted with 
eMSCs were also significantly lower than those in the other two 
groups (P < 0.05) (Fig. 6, K to N).

We further analyzed the grafts after a longer-term transplanta-
tion. The H&E image showed that allogeneic islets were maintained 
in the kidney capsule after 45 days’ transplantation (Fig. 7A). Im-
munofluorescent staining for insulin and glucagon demonstrated 
that cells maintained their individual hormone identities, and many 
insulin-expressing  cells survived in the allogeneic mice (Fig. 7B). 
Costaining of insulin and Foxp3 showed that insulin+  cells were 
surrounded by many Foxp3+ Treg cells (Fig.  7,  C  and  D, and fig. 
S16), which might be responsible for the long-term survival of allo-
geneic islets in  vivo. The Foxp3+ Treg cells within the grafts were 
further confirmed to express CD4 marker by costaining of CD4 and 
Foxp3 (Fig. 7E and fig. S16). Furthermore, examination of the re-
trieved grafts 103 days after transplantation showed the survival of 
insulin+  cells surrounded by CD4+Foxp3+ Treg cells (Fig. 7F and 
fig. S16). Quantitative analysis showed that the density of Foxp3+ 
Treg cells in the eMSC graft in the long term was around 450/mm2, 
while there was no Foxp3+ Treg cells found in the eradicated al-
lograft in the other two groups (Fig. 7G). The percentage of Foxp3+ 
Treg cells in the CD4+ T cells was around 60% within the eMSC graft, 
which was significantly higher than that in no-MSC and MSC grafts 
(P < 0.0001) (Fig. 7H). Together, these data showed that the 
eMSCs suppressed CD4+ and CD8+ Teff cells and promoted CD4+ 
Treg cells within the graft. This tolerant immune microenvironment 
may be responsible for the delayed allorejection and prolonged islet 
survival.

DISCUSSION
Islet transplantation offers T1D patients many benefits including 
improved glucose control, prevention of dangerous hypoglycemia 
unawareness, and reduced risks of diabetes-related complications. 
However, chronic systemic immunosuppression required to pre-
vent immune rejection can affect the longevity of the implanted is-
lets and trigger adverse side effects on patients such as infections 
and cancer. In this study, we set out to develop a type of immuno-
protective accessory cells that can be mixed and cotransplanted 
with islets using established clinical procedures but with no or re-
duced systemic immunosuppression.

We chose MSCs as the starting cells for multiple reasons. They 
exist in many tissues, can be obtained by isolating fat tissues with 
minimally invasive surgery, have been widely used in clinical appli-
cations for tissue regeneration, and have an acceptable safety profile 
(31, 37). To date, more than 1000 clinical trials exploring MSCs are 
registered by the U.S. Food and Drug Administration and many 
have demonstrated that MSCs can be safely infused even in high 
doses in patients (38, 39). For example, in a phase 1/2 trial (TREAT-ME1, 
NCT02008539), which involved intravenous administration of 

autologous MSCs engineered to express the tumor-specific herpes 
simplex virus–thymidine kinase gene to treat gastrointestinal tumors, 
investigators reported favorable safety in patients who received the 
treatment (40). Previous studies have also shown that MSCs infused 
with islets into the hepatic portal vein improved syngeneic rat islet 
(34) engraftment in rat and human islet (41) engraftment in immu-
nodeficient mice and promoted vascularization by secreting paracrine 
factors (31, 34, 36, 37, 41). To create the eMSCs with immunopro-
tective function, we expressed PD-L1 on their surface and CTLA4-Ig 
as an extracellularly released factor. PD-1 (CD279) and CTLA-4 
(CD152) are two critical and potent regulators of peripheral T cell 
tolerance and T cell function (42, 43); these two signaling pathways 
have been used in modulating alloreactive responses in multiple 
transplantation models. Engineering of primary islets with PD-L1 
and/or CTLA4-Ig by gene modification or protein conjugation re-
sulted in survival of islet allograft for more than 100 days (29, 30). 
Knocking in human PD-L1 and CTLA4-Ig to human embryonic 
stem cells protected them from allogeneic immune responses in 
humanized mice (44). Overexpression of PD-L1 protected stem 
cell–derived islet organoids in diabetic xenogeneic mice and alloge-
neic humanized mice and restored glucose homeostasis for 50 and 
25 days, respectively (45). Despite these advances, manipulation of 
islets can be laborious and negatively affect their function, and gen-
eration of hypoimmunogenic cells from stem cells may cause safety 
concerns (46). Therefore, accessory cells such as the eMSCs we 
created in this study may provide an easier and safer way to cir-
cumvent the need for chronic systemic immunosuppression in islet 
transplantation.

The eMSCs had similar gene expressions to the MSCs except for 
the exogenous PD-L1/CTLA4-Ig genes that were purposely in-
troduced and had overexpression by hundred-fold. We used 
MSC spheroids to cotransplant with islets instead of using single 
cells because MSC spheroids showed improved survival compared 
to MSC single cells in kidney capsule. In addition, previous studies 
showed elevated gene expressions associated with anti-apoptotic factors 
such as B cell lymphoma extra large (Bcl-xL) and proangiogenesis 
factors such as vascular endothelial growth factor, fibroblast growth 
factor-2, and hepatocyte growth factor in spheroids compared to 
the cells in the two-dimensional monolayer culture (47, 48). Both 
the MSC or eMSC spheroids were compatible with islets in vitro 
and improved their glucose-stimulated insulin secretion after co-
culture with islets. Furthermore, the eMSCs were shown to be able 
to suppress T cell proliferation, activation, and cytotoxicity of allo-
geneic and diabetogenic CD4+ and CD8+ in vitro in a mixed lym-
phocyte reaction in the presence of allogeneic antigen-presenting 
cells. The in vitro results suggested that eMSCs could not only pro-
tect islets immunologically by inhibiting Teff cells but also enhance 
their function by paracrine factors.

The therapeutic potential of the eMSCs was first demonstrated 
in a syngeneic islet transplantation model. Autologous islet trans-
plantation is a clinically proven treatment option for patients with 
chronic pancreatitis who undergo pancreatectomy. However, even 
in the absence of immune rejection, the early posttransplant inflam-
mation can cause extensive  cell loss (49, 50). Therefore, inhibition 
of early inflammatory events is expected to improve long-term islet 
function. The signaling pathway of PD-L1 and CTLA4 can regu-
late not only alloresponses but also inflammatory responses. The 
up-regulation of PD-L1 expression in response to inflamma-
tory cytokines acts as a natural “balance” to limit tissue-specific 
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responses to inflammation (51, 52). For example, genetically modified 
PD-L1–overexpressing dendritic cells differentiated from mouse 
embryonic stem (ES) cells were demonstrated to limit spinal cord 
inflammation (53). Similarly, CTLA-4 signaling also helps bring an 
inflammatory response back down to homeostatic levels (42). For ex-
ample, CTLA4-Ig therapy can reduce joint inflammation and dam-
age in patients with active rheumatoid arthritis, which is a systemic 
inflammatory disorder (54). Thus, the observed improvement of syn-
geneic islet transplantation using eMSCs with PD-L1 and CTLA4-Ig 
expression might be explained by the anti-inflammatory properties 
of these two ligands. The eMSCs may offer a new option to mitigate the 
early inflammation and improve autologous islet transplantation.

The eMSCs were also shown to improve the allogeneic islet trans-
plantation in a diabetic mouse model. Without any immunosuppression, 
the eMSCs delayed allograft failure significantly, as evidenced by both 
blood glucose monitoring and bioluminescent imaging. Although 
the kidney capsule transplantation used in this study is different from 
the portal vein transplantation in clinical practice, it is possible 
that the eMSCs may be mixed with islets and cotransplanted into 
the portal vein (41, 55). Therefore, future studies may be directed at 
testing whether eMSCs can be used in portal vein and eventually 
clinical islet transplantation and improve the therapeutic outcome 
with reduced systemic immunosuppression. We analyzed local im-
mune responses in the eMSC/islet graft at different time points 

Fig. 7. Ex vivo characterization of allografts with eMSCs. (A) Representative H&E image of islet grafts with eMSCs explanted on day 45 (higher-magnification image on 
the right). The asterisk indicates the allogeneic islet. (B) Representative immunofluorescent staining of islet grafts with eMSCs explanted on day 45 with markers DAPI 
(gray), insulin (INS, magenta), and glucagon (GCG, green) (higher-magnification image on the right). (C) Representative immunofluorescent staining of islet grafts with 
eMSCs explanted on day 45 with markers DAPI (gray), insulin (INS, magenta), and Foxp3 (green). (D) Higher-magnification images from (C). (E) Representative immuno-
fluorescent staining of islet grafts with eMSCs explanted on day 45 with markers DAPI (gray), CD4 (magenta), and Foxp3 (green). (F) Representative immunofluorescent 
staining of islet grafts with eMSCs explanted on day 103. Left: DAPI (gray), insulin (INS, magenta), and Foxp3 (green). Right: DAPI (gray), CD4 (magenta), and Foxp3 (green). 
(G) Foxp3+ Treg cell density within the islet grafts [n = 3 for no-MSC and MSC groups (grafts retrieved on day 30) and n = 4 for eMSC group (grafts retrieved between 45 and 
103 days)]. (H) Percentage of Foxp3+ Treg cells in the CD4+ T cell population within the retrieved grafts [n = 3 for no-MSC and MSC groups (grafts retrieved on day 30) and 
n = 4 for the eMSC group (grafts retrieved between 45 and 103 days)]. One-way ANOVA followed by Tukey’s test was performed for comparing the multigroup data. The 
level of significance was labeled by ** and ****, denoting P values of <0.01 and <0.0001, respectively. Scale bars, 50 m (D to F) and 100 m (A to C).
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using flow cytometry and immunostaining. The results showed the 
eMSCs suppressed host CD4+ and CD8+ Teff cell activation, induced 
T cell exhaustion, and promoted Treg cells, all of which could be 
responsible for the observed delay of allorejection.

Pioneering work has been done recently on synthetic biomaterial 
platforms for local immunomodulation for islet transplantation. 
For example, PEG microgels or poly(lactide-co-glycolide) (PLG) 
scaffold were modified to display PD-L1 and Fas ligand (FasL) 
through a streptavidin/biotin interaction (27,  56,  57). Long-term 
(>100 days) survival of allogeneic islets was achieved using biomaterial 
approaches combined with a short course of rapamycin treatment. 
Synthetic biomaterials allow islet transplantation at extrahepatic 
sites such as omentum, but they can cause foreign body responses, 
induce antibodies, and may be challenging to be used in current 
clinical protocol, i.e., portal vein transplantation. In contrast, acces-
sory cells such as the eMSCs can be obtained from autologous source, 
secrete a wide spectrum of beneficial paracrine factors, and be mixed 
with islets and transplanted with no or minimal modifications of 
current clinical procedures. In addition, factors delivered or presented 
by biomaterials may be depleted or degraded over time. The accessory 
cells on the other hand act as a “living factory” to produce tolero-
genic ligands, either immobilized on the cell surface or released to 
the local environment. The eMSCs enabled the allogenic islet sur-
vival for up to more than 100 days with no short-term treatment of 
rapamycin or other immunosuppressive drugs.

Treg cells have been shown to play an important role in maintain-
ing homeostasis and peripheral tolerance (58, 59). Both systemic 
infusion of autologous Treg cells (60, 61) and cotransplantation of 
Treg with islets (62, 63) have been investigated in treating diabetes 
and shown therapeutic effects in preclinical trials. However, the mass 
production of Treg cells and the maintenance of their long-term 
function remain challenging. Thus, there are attempts to engineer 
other cell types with regulatory ligands. In one study, syngeneic 
myoblasts were edited to express FasL on the cell surface and pro-
tected islet allograft (64). However, myoblasts are relatively difficult 
to acquire noninvasively. In addition, while FasL induces T cell death 
(65), it may also activate innate immune responses (66). In another 
study, researchers engineered syngeneic fibroblasts using adenovi-
rus to overexpress indoleamine 2,3 dioxygenase (IDO) and achieved 
allograft survival in IDO-expressing composite up to 51 days (67). 
Although IDO degrades tryptophan required for T cell growth and 
suppresses T cell responses (68, 69), the potency of IDO pathway 
may be lower compared to PD-L1 (70, 71). Nevertheless, CTLA4-Ig 
has been reported to trigger the production of IDO in APCs (23), 
suggesting multiple ways in which immune regulation following 
CTLA4-Ig treatment may occur. Furthermore, in both studies, the 
immunomodulatory ligands were either immobilized on the cell 
surface or released to the peripheral environment. In the eMSCs we 
described here, the PD-L1 was immobilized on the cell surface and 
CTLA4-Ig was released. This dual modulation approach suppresses 
T cell function in a nonredundant way (24, 25).

Limitations exist in this study. For example, although the eMSCs 
significantly improved islet survival in allogeneic diabetic mice 
without any immunosuppression, long-term engraftment in many 
of the recipients was not achieved. The different outcomes among the 
recipients might be caused mainly by the lack of MSC persistence 
in vivo, which resulted in the graft failure and eventual allograft re-
jection. Previous studies also observed insufficient survival of MSCs 
at the site of administration, which might be attributed to multiple 

issues such as apoptosis, hypoxia, and inflammation (38, 72–74). 
Bioengineering strategies such as priming MSCs with hypoxia, in-
flammatory cytokines and small molecules have been investigated 
and shown to improve the survival of MSCs (38, 75, 76). Together, 
it was highlighted that the survival of MSCs following local admin-
istration needs to be enhanced to improve the therapeutic outcome. 
There are other factors causing the variation including intrinsic 
biological variation and unintentional inconsistencies such as cell 
numbers, spatial distributions, and surgeries. For example, it was 
challenging to achieve homogeneous dispersion of MSCs and islets 
when they were delivered to the mouse kidney capsule. While 
Treg cells surrounding the allograft could modulate the immune re-
sponses, some islets could still be exposed to the Teff cells and the 
gradual T cell infiltration in the long-term would eventually result 
in destruction of the islets. Better preparation and surgical tech-
niques may improve the therapeutic outcome. Another limitation is 
that the acquisition and modification of autologous MSCs would be 
time-consuming, compared to other strategies using off-the-shelf 
products such as synthetic biomaterial platforms or universal stem 
cell–derived  cells. Further investigation will be needed to test 
whether allogeneic modified MSCs have the potential to achieve the 
same therapeutic effects as autologous modified MSCs. Last, all the 
experiments described in this study were performed in mice using 
kidney capsule transplantation without considering autoimmune 
responses. Although the function of eMSCs in protecting allogeneic 
islets was not investigated in NOD mice in this study, we showed 
decreased proliferation, activation, and cytotoxicity of diabetogenic 
T cells in the in vitro T cell proliferation and activation studies that 
were carried out using splenocytes isolated from transgenic NOD 
mice, which might guide the in vivo studies in the future. In addi-
tion, future studies should be directed at portal vein transplantation 
to test whether the eMSCs may be used in clinical islet transplanta-
tion to improve graft function and therapeutic outcome with re-
duced and minimal systemic immunosuppression.

MATERIALS AND METHODS
Experimental design
The purpose of this study was to develop a type of immunoprotec-
tive accessory cells that can protect allogeneic islets with no or re-
duced systemic immunosuppression. Animals were handled and cared 
for by trained scientists and approved by the Cornell Institutional 
Animal Care and Use Committee. Sample size, including number of 
mice per group, was chosen to ensure adequate power and was based 
on historical data. All mice used were males to eliminate any poten-
tial confounding influences of gender differences. All mice were 
randomly assigned to treatment groups, and all data collection and 
analyses were performed blindly for different treatment conditions. 
The number of biologic replicates is specified in the figure legends.

Animals
Eight-week-old male C57BL/6, BALB/c, and FVB-Tg(CAG-
luc,-GFP)L2G85Chco/J (L2G85) mice were purchased from the Jackson 
Laboratory (Bar Harbor, ME). All animal procedures were approved 
by the Cornell Institutional Animal Care and Use Committee.

Cell culture
Strain C57BL/6 mouse MSCs (Cyagen, MUBMX-01001) were pur-
chased. The 293T cell line and the 4T1 cell line were received as 
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gifts. 293T cells were cultured in Dulbecco’s modified Eagle’s medi-
um (Gibco, 2051526) supplemented with 10% FBS and 1% penicil-
lin/streptomycin (P/S). 4T1 cells were cultured in RPMI 1640 media 
with 10% FBS and 1% P/S. MSCs were cultured in MSC growth 
medium (Cyagen, GUXMX-90011) following the manufacturer’s 
instruction. Primary islets were cultured in RPMI 1640 media with 
10% FBS and 1% P/S. Splenocytes were cultured in RPMI 1640 me-
dia (Thermo Fisher Scientific, 11875093) with 5% FBS, 1% P/S, 
1% l-glutamine (Thermo Fisher Scientific, 25030149), and 0.1% 
2-mercaptoethanol (Thermo Fisher Scientific, 31350010).

Generation of GFP/luciferase-expressing cell line
Plasmid containing enhanced GFP gene [720 base pairs (bp)] and 
humanized firefly luciferase (Luc2) gene (1653 bp) was constructed 
by Vector Builder. GFP+/luciferase+ 4T1 cells and GFP+/luciferase+ 
MSCs were generated following a previous publication (5) and ver-
ified under a fluorescence microscope.

Generation of PD-L1 and CTLA4-Ig–expressing cell lines
The pLenti-based expression vector containing mouse PD-L1 gene 
(873 bp) and CTLA4-Ig gene (1179 bp) was constructed by Vector 
Builder. 293T cells were plated and cultured in 10-cm treated tissue 
culture plate the day before transduction to obtain 90 to 95% con-
fluency. The lentiviral stocks were produced by transfecting 293T cells 
with the designed vector using the ViraPower Bsd Lentiviral Support 
Kit (Thermo Fisher Scientific, K497000) following the manufacturer’s 
instruction. After 48 to 72 hours after transfection, the lentiviral 
supernatant was collected, centrifuged at 3000 rpm for 15 min at 
4°C to pellet debris, and stored at −80°C. MSC single cells were pre-
pared and seeded in a six-well plate (5000 cells per well) with 2 ml 
of virus-containing supernatant. After 48 hours of transduction, 
lentivirus medium was discarded, and fresh MSC culture medium 
was added. Bsd solution with a final concentration of 5 g/ml was used 
to purify the transfected cells. The PD-L1/CTLA4-Ig GFP/luciferase 
4T1 cells were generated in the same manner as PD-L1/CTLA4-Ig 
MSCs. For the formation of MSC spheroids, about 4 ml of solution 
containing 4 million MSCs was added in one well of six-well sus-
pension culture plate (Genesee Scientific, 25-100). Then, the cells 
were cultured on an orbital shaker with a speed of 100 rpm over-
night. The spheroids were collected and centrifuged into cell pellet 
for further use.

Quantitative reverse transcription PCR
Five million MSCs or eMSCs were collected in the tube and centri-
fuged into a cell pellet. Total RNA of two groups was isolated with 
an RNeasy kit (Qiagen, 74106), and complementary DNA was 
prepared using reverse transcriptase III (Thermo Fisher Scientific, 
4368814), according to the manufacturer’s instruction. Quantitative 
PCR was performed using SYBR Green Master Mix (Thermo Fisher 
Scientific, A25776), and detection was achieved using the StepOne-
Plus Real-time PCR system thermocycler (Applied Biosystems). 
Expression of target genes was normalized to glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH). Real-time PCR primer sequences 
are listed in table S1.

Western blot
Five million MSCs or eMSCs were collected in the tube and centri-
fuged into a cell pellet. Cells were lysed with radioimmunoprecipi-
tation assay lysis buffer (Thermo Fisher Scientific, 89901) in the 

presence of protease inhibitor. The concentration of extracted 
protein was measured using Pierce 660-nm protein assay reagent 
(Thermo Fisher Scientific, 1861426) and the Bio-Rad SmartSpec 
3000 spectrophotometer. Forty micrograms of whole-cell protein 
lysate was applied to 4 to 15% Mini-PROTEAN TGX precast pro-
tein gel (Bio-Rad, 4561084) with electrophoresis and then trans-
ferred to a nitrocellulose membrane. The probed primary antibodies 
were detected by using horseradish peroxidase–conjugated second-
ary antibodies and the enhanced chemiluminescent detection sys-
tem (GE Healthcare, 28906836). Primary and secondary antibodies 
are detailed in table S2.

Enzyme-linked immunosorbent assay
One million MSCs or eMSCs were seeded in one well of a 12-well 
culture plate with 1 ml of culture medium in each well. Cells were 
cultured for 6 hours in an incubator. Culture media were collected 
in tubes, and the supernatant was collected after centrifuge. The 
CTLA4-Ig in the supernatant was quantified by Mouse CTLA-4 
DuoSet ELISA (R&D Systems, DY476) according to the manufac-
turer’s instruction. Absorbance of reaction solution at 450 nm was 
measured in the Synergy plate reader (Biotek).

Flow cytometry
For analysis of MSCs and 4T1 cells before and after modification, 
the cells were detached from the culture dish by using TrypLE, cen-
trifuged, and washed with PBS. The cells were blocked with staining 
buffer, incubated for 15  min at 4°C with antibodies (table S3), 
washed with staining buffer, and resuspended in staining buffer to 
analyze on an Attune NxT flow cytometer (Thermo Fisher Scientif-
ic). Native 4T1 cells engrafted in BALB/c mice and modified 4T1 
cells engrafted in C57BL/6 mice were dissociated into single cells 
with mechanical force. The cells were filtered through a 40-m 
strainer (VWR, 10199-654). The single cells were then stained with 
antibody (APC anti-mouse PD-L1 antibody, BioLegend, 124311) 
and analyzed following the steps as described above. The data were 
analyzed and generated by FlowJo software v10.7.

Immunofluorescent staining
Cells were seeded in eight-well Lab-Tek chamber slides at a density 
of 50,000 cells/cm2. After confluency, cells were fixed in 10% forma-
lin and then blocked for 30 min in 5% donkey serum (Sigma- 
Aldrich, S30-M). Subsequently, cells were incubated with primary 
antibodies (rabbit anti-mouse PD-L1 antibody, R&D Systems, 
MAB90781-SP) for 30 min at room temperature. Cells were washed 
three times with PBS and then incubated with secondary antibodies 
[donkey anti-rabbit immunoglobulin G (H + L) highly cross-adsorbed 
secondary antibody, Alexa Fluor 488, Thermo Fisher Scientific, 
A21206] for 30 min at room temperature. Cells were washed three 
times with PBS and stained with 4′,6-diamidino-2-phenylindole 
(DAPI) (0.5 g/ml) for 5 min. Slides were mounted with fluorescence 
mounting medium (Sigma-Aldrich, F6057). Slides were imaged 
using confocal microscopy (FV1000, Olympus, Japan).

In vitro T cell suppression assay
MSCs or eMSCs were seeded at a density of 20,000 per well in a 
U-bottom 96-well plate and incubated for 2 hours in MSC culture 
media. Splenocytes were isolated from either BDC2.5 TCR trans-
genic mice (CD4 T cells specific for BDC2.5 mimotope on MHCII) 
or from NY8.3 TCR transgenic mice (CD8 T cells specific for IGRP 
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peptide on MHCI) and labeled using CellTrace Violet (cell prolifer-
ation kit, Invitrogen, San Diego, CA, USA) for cell proliferation 
quantification by CellTrace dilution. The MSC media were re-
moved. Splenocytes were added at a density of 100,000 per well into 
each well on top of the MSCs using culture medium for splenocytes. 
Splenocytes were stimulated either with BDC2.5 (5 g/ml) peptide 
(sequence: RTRPLWVRME) or with IGRP (0.1 g/ml) peptide (se-
quence: VYLKTNVFL) in the presence of MSCs or eMSCs for 3 days. 
After 3 days’ coculture, the splenocytes were harvested and stained 
for flow cytometry analysis using LIVE/DEAD Fixable Dead Cell 
Stain (near infrared, Invitrogen, L34975) and antibodies against the 
following surface markers: anti-mouse CD3 (BD Biosciences, 555274), 
anti-mouse CD4 (eBioscience, 56004182), anti-mouse CD8 (BD Bio-
sciences, 551182), anti-mouse CD44 (BD Biosciences, 582464), anti- 
mouse CD25 (BD Biosciences, 552880), and granzyme B (BioLegend, 
515406). Live, CD3+CD4−CD8+, and CD3+CD4+CD8− T cell subpopu-
lations were identified, and their proliferation in vitro was quan-
tified by CellTrace dilution. Activation was determined by CD25 
and CD44 up-regulation for CD4 and by CD25, CD44, and granzyme 
B up-regulation for CD8. Flow cytometry was performed with a 
CytoFlex S flow cytometer (Beckman Coulter, Brea, CA, USA), and data 
were analyzed with FlowJo (Tree Star Inc., Ashland, Oregon, USA).

Live and dead staining
Fifty islets without MSCs, with MSC spheroids, or with eMSC 
spheroids were cultured in 3 ml of RPMI 1640 complete media for 
24 hours in nonadherent 25-mm2 culture dishes. After culture, islets 
were handpicked and stained by calcein-AM (green, live) and ethidium 
homodimer (red, dead) according to the manufacturer’s protocol 
(R37601, Thermo Fisher Scientific). Fluorescent microscopic images 
were taken using a digital inverted microscope (EVOS FL Cell Imaging 
System). Quantification of the percentage of live cells in islets was 
carried out by calculating the intensity of fluorescence using ImageJ.

In vitro GSIS
Fifty islets without MSCs, with MSC spheroids, or with eMSC 
spheroids were cultured in 3 ml of RPMI 1640 complete media for 
24 hours in nonadherent 25-mm2 culture dishes. After culture, is-
lets were handpicked and incubated in prewarmed Krebs-Ringer 
bicarbonate solution supplemented with 25 mM Hepes, 1 mM l-
GlutaMAX, 0.1% BSA, and 2.8 mM d-glucose for 30 min at 37°C, 
5% CO2 for calibration, and then incubated for 1 hour with 2.8 mM or 
16.7 mM d-glucose under the same condition. The supernatant was 
collected and frozen for future analysis. The insulin content in the 
supernatant was quantified by mouse insulin ELISA kit (ALPCO) 
according to the manufacturer’s specification. Absorbance of reac-
tion solution at 450 nm was measured in the Synergy plate reader 
(Biotek). The SI was calculated as the ratio of insulin secretion at high 
glucose (16.7 mM) to that at low glucose (2.8 mM).

Bioluminescent imaging
At different time points after transplantation, the mice were injected 
with luciferin (150 mg/kg body weight; PerkinElmer, 122799) and 
imaged with the IVIS Spectrum System (PerkinElmer) at the Bio-
technology Resource Center at Cornell.

Isolation of rodent pancreatic islets
Mouse pancreatic islets were isolated from 8-week-old male BALB/c 
mice or L2G85 mice. One bottle of collagenase (Vitacyte, CIzyme 

RI, 005-1030) was reconstituted in 30 ml of M199 media (Gibco, 
USA). The bile duct was cannulated with a 27-gauge needle, and the 
pancreas was distended with cold collagenase. The perfused pan-
creases were then removed and digested in a 37°C water bath for 
21 min. Islets were centrifuged in lymphocyte separation medium 
(Corning, 25-072-CV)/M199 media gradient in 1750 rcf for 20 min 
at 4°C. Purified islets were hand-counted by aliquot under a stereo-
microscope (Olympus SZ61). Detailed procedures of isolation and 
purification were described in previous publications (5, 77).

Chemically induced diabetic mouse model
To create diabetic mice, mice were injected intraperitoneally with 
freshly prepared STZ (Sigma-Aldrich, 130 mg/kg body weight) 
solution (13 mg/ml in 5 mM sodium citrate buffer solution). A 
small drop of blood was collected from the tail vein using a lancet 
and tested using a commercial glucometer (Contour next, Ascensia 
Diabetes Care, NJ). Only mice whose nonfasted blood glucose con-
centrations were above 300 mg/dl with two consecutive measure-
ments were considered diabetic and underwent transplantation.

Injection of 4T1 cell line
The 4T1 cells were detached from the culture dish using TrypLE. Half- 
million native 4T1 cells or modified 4T1 cells were suspended in 
50 l of 50% Matrigel (Corning, 354277). Then, cell suspension was 
transferred to a 0.5-ml syringe and injected into the muscle of the 
right hindlimb.

Preparation of islet samples for transplant
Under an inverted microscope, islets were hand-picked and trans-
ferred into each microcentrifuge tube (150 to 200 IEQ/tube for syn-
geneic islet transplantation; 500 to 600 IEQ/tube for allogeneic islet 
transplantation). MSC or eMSC spheroids (500 to 600) were added 
into each tube. The samples were centrifuged and washed with PBS 
to remove the culture medium. The islet and cell pellets in each tube 
were resuspended in 50 l of PBS. Then, the islet and cell suspen-
sions in each tube were loaded into polyethylene (PE) tubing (BD 
Biosciences, 63018-668). The PE tubing was centrifuged at 1000 rpm 
for 10 min and placed on ice.

Cell transplantation in kidney capsule
The diabetic mice were anesthetized with isoflurane, and the left 
flank of the mouse was shaved. The surgical area was sanitized with 
povidone iodine swab and ethanol swab. The left kidney was located, 
and a small incision was made in the skin and then in the peritoneum 
to expose the left kidney. The kidney was popped out of the perito-
neum when a slight pressure was applied to the incision. The PE 
tubing was carefully slid under the kidney capsule making a small 
pocket to hold the islet samples. The islets with or without cell sam-
ples were slowly loaded into the kidney capsule. The kidney was 
gently put back into the peritoneum before closing the incision with 
suture and skin staples. After surgery, mice were monitored twice a 
week, and blood glucose was detected. A total of 500 to 600 GFP/
luciferase MSC spheroids or the corresponding number of MSC 
single cells were transplanted in the kidney capsule of healthy 
C57BL/6 mice using the method described above.

Intraperitoneal glucose tolerance test
Mice were fasted overnight before receiving an intraperitoneal glu-
cose bolus (2 g/kg body weight). The healthy mice and diabetic mice 
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were used as positive control and negative control, respectively. 
Blood glucose was monitored at regular intervals (time: 0, 15, 30, 60, 
90, and 120 min) after injection, allowing for the area under the 
curve to be calculated and analyzed between groups.

Immune profiling
The following procedures were previously described (5). BALB/c 
islets (500 IEQ) without MSCs or with MSC spheroids or with 
eMSC spheroids were transplanted in diabetic C57BL/6 mice in the 
kidney capsule. Eight days after transplantation, the kidney trans-
planted with islets was retrieved. The tissue containing islets was 
sliced from the kidney using scissors and digested with type I colla-
genase (1 mg/ml) (Worthington Biochemical Corporation, LS004194) 
for 1 hour in an incubator. The digestion was stopped by adding 
cell culture medium containing 10% FBS. The digested tissue was 
smashed, and the cell solution was filtered through a Falcon 40-m 
strainer (Corning, 431750) to obtain single cells. Cells were centri-
fuged at 1000 rpm for 5 min. Supernatant was discarded, and cells 
were washed with PBS solution to remove the remaining FBS. The 
cells were stained with the Zombie Yellow Fixable Viability Kit (Bio-
Legend, 423103) following the manufacturer’s instruction. Cells were 
washed with 2 ml of cell-staining buffer (BioLegend, 420201) and 
centrifuged into a pellet. Fc receptors were blocked by preincubat-
ing cells with TruStain FcX PLUS (anti-mouse CD16/32) antibody 
(BioLegend, 156603) in 100 l of cell-staining buffer for 5 min on 
ice. Then, cells were labeled with mixed antibodies (table S4) on ice 
for 30 min. The cells were washed twice with 2 ml of cell-staining 
buffer by centrifugation at 350 rcf for 5 min. The cells were further 
stained with Foxp3 using the Foxp3/transcription factor staining buffer 
set (Thermo Fisher Scientific, 00-5523-00) according to the manu-
facturer’s instruction. Samples stained with fluorescence minus one 
for intracellular staining were run with every collection. UltraComp 
eBeads Compensation Beads (Thermo Fisher Scientific, 01-2222-41) 
incubated with each antibody following the manufacturer’s instruc-
tion were used for compensation. Last, stained cells were analyzed 
using an Attune NxT flow cytometer (Thermo Fisher Scientific). 
The data were analyzed by FlowJo software v10.7.

Histological analysis
The following procedures were previously described (5). The implants 
and the spleens were harvested from the mice and fixed in 10% 
formalin, dehydrated with graded ethanol solutions, embedded in 
paraffin, and sectioned by Cornell Histology Core Facility. The samples 
were sliced on a microtome at a thickness of 5 m. The sections were 
stained with H&E and then imaged by a microscope (IN200TC, 
Amscope). To conduct immunofluorescent staining, the histo-
logical slides were deparaffinized followed by antigen retrieval as 
described before (78). Nonspecific binding was blocked via incuba-
tion with 5% donkey serum (Sigma-Aldrich, S30-M) for 1 hour at 
room temperature. Sections were decanted and incubated with 
primary antibodies overnight at 4°C. The sections were then washed 
and incubated with the fluorescence-conjugated secondary anti-
bodies for 1 hour at room temperature. Nuclei were labeled with 
DAPI, and slides were covered with fluorescent mounting medium 
(Sigma-Aldrich, F6057). Last, the sections were imaged through 
confocal microscopy (FV1000, Olympus, Japan). The antibodies 
used here are listed in table S5. The density of CD3+, CD4+, CD8+, 
Foxp3+, and PD-1+ cells and the ratio of CD3+ to insulin-producing 
(INS+) cells were analyzed using ImageJ software.

Statistical analysis
Unless otherwise stated, data were expressed as means ± SD. For com-
parisons between two groups, means were compared using two-
tailed Student’s t tests. Comparisons between multiple groups were 
performed by analysis of variance (ANOVA), followed by Tukey’s 
post hoc analysis. Survival curves were analyzed using a Mantel-Cox 
test. Sample size, including number of mice per group, was chosen 
to ensure adequate power and was based on literature and historical 
data. Treated diabetic animals that did not reverse diabetes after 
allogeneic islet transplantation within 10 days (defined as three con-
secutive blood glucose readings >300 mg/dl) were excluded from 
analysis as the failure was not attributable entirely to immune rejec-
tion but possibly to variations in islet quality and size, cell numbers, 
surgery, and other factors (27, 56). All statistical analyses were per-
formed using GraphPad Prism v.8 software (GraphPad Software 
Inc.). The level of significance was assessed starting at P < 0.05.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/ 
sciadv.abn0071

View/request a protocol for this paper from Bio-protocol.
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