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One Sentence Summary: 

Inducing local immunotolerance by suppressive cytokines for islet Transplantation. 

 

Abstract: 

Transplanting human stem cell-derived islets (SC-islets) is a promising therapy for insulin-dependent 

diabetes. While functional SC-islets have been produced for clinical application, immune rejection by the 

host remains a challenge. Present attempts, including chronic immunosuppression and/or physical 

encapsulation, have some disadvantages. Here we explore a strategy to induce an immune-tolerant 

environment based on the immune privilege observed in the male gonad.  Sperm appears after the 

maturation of the immune system and development of systemic self-tolerance and the testis protects these 

autoreactive germ cells by the physical structure of blood-testis-barrier (BTB) and active local 

immunosuppression. Human SC-islets transplanted into the mouse testis can be physically protected by the 

BTB and we find that the testis secretes cytokines that induce a population of regulatory T cells (Tregs) that 

express both CD4 and CD8. We identified cytokines secreted by testis and used a cocktail of IL-2, IL-10, 
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and TGF-β for in vitro co-culture and in vivo transplantation demonstrating improved survival of SC-islets 

and the induction of Tregs. 

 

INTRODUCTION 

The ability to generate functional pancreatic endocrine cells from stem cells presents new options for cell 

replacement therapy for people with diabetes. In vitro differentiation of insulin-producing beta cells and 

glucagon-producing alpha cells alongside other cell types has been well characterized(1-5). While there is 

room to improve the final cell composition of the SC-islets, a major challenge for cell therapy becomes 

rejection of foreign cells by the recipient’s immune system. Projects aimed at preventing allo-rejection 

include human leukocyte antigen (HLA) haplotype bank or hypoimmunogenic human induced pluripotent 

stem cells (IPSCs)(6-9).  Here we present evidence for a complementary approach by exploring naturally 

existing immune privilege in the gonad and reconstructing a tolerant microenvironment for prolonged 

survival of the human SC-islet grafts. 

 

The mammalian testis is a well-studied site of immune privilege(10). The onset of spermatogenesis starts 

after puberty, representing a unique challenge to the immune system as neoantigens from meiotic and 

haploid germ cells appear after the formation of systemic self-tolerance. To protect immunogenic germ 

cells from systemic immune attack, testicular immune privilege is maintained by coordinating systemic 

immune tolerance, the local physical structure, and active local immunosuppression(11). The physical 

structure, the blood-testis barrier (BTB), divides the seminiferous epithelium into the basal and the 

abluminal compartments. This separates the host immune cells from meiosis and spermiogenesis which 

take place in a specialized microenvironment behind the BTB(12). In addition, Sertoli cells and Leydig 

cells, which secrete immunosuppressive factors, can directly or indirectly suppress immune cell activation. 
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Consequently, the testis is a privileged environment wherein both allo- and auto-antigens can be tolerated 

without immune rejection(13-15). 

 

Here we explore the protection of human stem cell-derived islets (SC-islets) by taking clues from the testis 

microenvironment. SC-islets were transplanted into the seminiferous tubules (inside the BTB) or 

interstitium (outside the BTB) of mouse testes. SC-islets had up to eight weeks of survival both inside and 

outside the mouse BTB. However, beta cells only accurately regulated blood sugar when transplanted into 

the interstitium of the testis. In an in vitro co-culture assay of the human SC-islets with C57BL/6 mouse 

mononuclear cells (MNCs), we observed suppressed T cell activation and proliferation in the presence of 

testis tissue or Sertoli cells. We identified a specific group of Tregs with both CD4 and CD8 expression and 

showed that they can protect human SC-islet in vitro co-culture with mouse MNCs and in vivo 

transplantation.  We further show that IL-2, IL-10, and TGFβ secreted by testis cells can induce Tregs and 

suppress T cell activity. The cytokine cocktail induces an immunotolerant local environment by activating 

Tregs and may provide a path forward to protect SC-islets from immune rejection.  

 

RESULTS 

Both Inside and Outside the BTB Are Protective Environment 

Human embryonic stem cells (hESCs) were differentiated into SC-islets through a stepwise protocol1. 

Within SC-islets, which contain several endocrine cell types, beta cells were characterized by NKX6-1 and 

C-peptide expression at day 14 in the last stage of differentiation (Fig. S1A). SC-islets were resized to 

100mm in diameter (Fig. S1B) and their function was assessed by glucose-stimulation-insulin secretion 

(GSIS) (Fig. S1C). SC-islets were transplanted into C57BL/6 male mice testis, both inside and outside the 

seminiferous tubules (Fig. S1D). Note the mice have functional beta cells that can regulate their blood 

glucose uptake. We measured human insulin levels to evaluate SC-islet existence and function. Following 
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transplantation of SC-islets, human insulin levels were assessed in mouse serum and by in vivo GSIS. 

Human insulin levels began to rise two weeks after transplantation and remained steady for about six weeks 

both inside and outside the seminiferous tubules (Fig. 1A). The human insulin levels observed for SC-islets 

transplanted in the interstitium were higher than in the seminiferous tubules, perhaps due to the tight 

junction surrounding the tubules which may slow or block the insulin release into the serum. In vivo GSIS 

of the recipient mice at four weeks post transplantation showed that SC-islets are functional when 

transplanted into the testis interstitium; less so when transplanted into seminiferous tubules of the testis 

(Fig. 1B).  

 

Survival and immune cell infiltration in grafts were assessed by immunostaining of SC-β cells and mouse 

T cells. Transplanted SC-islets survived at least four weeks in both the seminiferous tubules and the 

interstitium, whereas SC-islets are eliminated within one week after transplantation to the kidney capsule 

(Fig 1C). Infiltration by mouse CD4+ T cell is evident in the kidney capsule in the first week after 

transplantation, but not in the testis (both in and out the seminiferous tubules) until four weeks post-

transplantation. SC-islets secreted insulin four weeks after transplantation in the testis but by eight weeks 

they were rejected in both interstitium and seminiferous tubules. In the seminiferous tubules transplantation 

group, the CD4+ T cells were found inside and eliminated both SC-islets and all the mouse germ cells, 

showing that the germ cells are autoreactive to the immune system and the physical barrier is crucial to 

protect them from immune rejection. In contrast, when SC-islets were transplanted into the interstitium of 

the testis, the T cells remained outside the seminiferous tubules and only killed transplanted grafts. Staining 

for CD25 and CD8 (Tregs) at four weeks after transplantation, shows Tregs in the interstitium of the testis 

(Fig. 1D) but not by eight weeks. The Tregs in the testis are associated with prolonged survival of SC-islets 

indicating a possible role in immune tolerance in testis. 

CD4+/CD8+ Cells Provide Immune Suppression in vitro 
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To further assess the immune suppression observed in testis, MNCs from mouse spleen were cultured with 

SC-islets in the absence or presence of testis. We set up the following six conditions (Fig. 2A): 1.  A control 

of mouse MNCs alone; 2. MNCs with SC-islets; 3. MNCs with seminiferous tubules tissues; 4. SC-islets 

injected into testis then removed and co-cultured with MNCs, to mimic in vivo transplantation into the 

seminiferous tubules of the testis; 5. SC-islets injected outside of the seminiferous tubules and co-cultured 

with MNCs, to mimic the in vivo transplantation into the interstitium spaces of the testis, 6. SC-islets co-

cultured with MNCs in the presence of Sertoli cells. CD4+ T cell activation was measured by CD62L 

expression in the CD3+/CD4+ T cell population and down-regulation of CD62L indicates T cell activation. 

The results show that more than 90% of the CD3+/CD4+ T cells remain inactivated in the control of MNCs 

only, whereas more than 50% of the CD3+/CD4+ T cells are activated and stimulated by human SC-islets 

co-cultured with MNCs. The other four test groups, which contained either seminiferous tubules or Sertoli 

cells, show suppressed T cell activation (Fig. 2B). T cell proliferation was measured three days after co-

culture and was suppressed in the presence of testis tissue or Sertoli cells (Fig. 2B). These results indicate 

that activation and proliferation of CD3+/CD4+ T cells is suppressed by the testis, likely by Sertoli cells, 

and not only by the physical barriers of BTB.  

 

We measured the activity of CD8+ cytotoxic T cells by co-staining for CD8 and CD4 in the CD3 positive 

population. We find a unique T cell population with the presence of testis tissue or Sertoli cells (Fig. 2C). 

This CD4+/CD8+ population is CD25 positive, consistent with a Treg identity. Nearly 50% of the CD4+ T 

cells are CD4+/CD8+ and 90% expressed CD25 (Fig. 2D). In conclusion, testis tissue or Sertoli cells induce 

a CD4+/CD8+ T cell population in vitro. 

 

CD4+/CD8+ Population Exists in vivo and Plays an Immunosuppressive Role 
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Then we asked whether the CD4+/CD8+ population exists in vivo and might have a role in inducing tolerance. 

CD4+/CD8+ cells are observed four weeks after human SC-islets transplantation into the testis (Fig. 3A, 

3B). The CD4+/CD8+ cells only appear in the interstitium of the testis, whereas CD8 single positive 

cytotoxic cells migrate into the seminiferous tubules (Fig. 3A). CD4+/CD8+ cells and CD4 single-positive 

cells were separated by flow cytometry (Fig. 3B) and express mRNA encoding FOXP3 as well as the 

suppressive cytokines TGFβ and IL-10. CD4 single-positive cells show a different cytokine profile 

including IL-2, IL-4, IL-17, INFγ, and TNFα (Fig. 3C). These results are consistent with CD4+/CD8+ cells 

serving an immunosuppressive role (Fig. 3D).  

 

We performed bulk RNAseq of the Tregs, CD4+/CD8+ cells, and CD4 single-positive cells isolated from SC-

β transplanted testis and find that the CD4+/CD8+ cells have a gene expression profile most similar to that 

of Tregs (Fig S2A). The methylation of genes related to Tregs cells was assessed in the CD4+/CD8+ population 

(Fig. S2B) and compared to the Tregs isolated from mouse spleen and CD4 single-positive cells isolated from 

SC-β transplanted testis. CD4+/CD8+cells show significant levels of demethylation of CTLA4, FOXP3, 

IKZF2, IKZF4, IL-2Rα, and TNFRSF18, matching that of Treg cells. The methylation levels of PDL1, 

CDKN1C, IL-2, IL-4, and TNF were similar among all the samples. The methylation levels of these genes 

in the CD4+/CD8+ population were measured at different time points (two weeks, four weeks, and eight 

weeks) after transplantation revealing a gradual change in the methylation of CTLA4, FOXP3, IKZF2, 

IKZF4, IL-2Rα, and TNFRSF18, indicating that the CD4+/CD8+ cells lose their identity as Tregs by the time 

of graft rejection.  

 

To test whether the CD4+/CD8+ induce tolerance, CD4+/CD8+ cells were isolated from SC-islets 

transplanted testis 2 weeks after transplantation. Their ability to suppress T cell activation was tested using 

an in vitro T cell activation assay stimulated by CD3/CD28 beads (Fig. 3D). The results showed that co-
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culturing with CD4+/CD8+ cells down-regulates CD69 expression (a T cell activation marker) in a dose-

dependent manner. CD4+/CD8+ cells could also suppress T cell proliferation in a dose-dependent manner 

(Fig. 3E).  

 

Conditioned media of testis tissue, in the MNC vs SC-islet co-culture assay, was used to test whether 

tolerance is provided by soluble signals. An equal ratio of the CD4+/CD8+ population is induced by the 

presence of testis tissue or testis condition media (Fig. 3F). TGFβ receptor inhibitor (SB-431542) was added 

to the testis condition media, and this reduced the CD4+/CD8+ population, but the addition of TGFβ1 to the 

co-cultures without testis tissue or testis condition media does not increase the CD4+/CD8+ population (Fig. 

3F). These data suggest that the CD4+/CD8+ population is induced by soluble factors secreted by testis 

tissue and that TGFβ plays a role.  

 

CD4+/CD8+ Cells Help Induce Immune Tolerance When Transplanted Together with SC-islets  

SC-islets were transplanted into C57BL/6 mice testis and four weeks later retrieved the transplants isolated 

CD4+/CD8+ cells and CD4+/CD8- cells (Fig 4A). These two separate cell populations were reaggregated 

with SC-islets and transplanted into the kidney capsule in C57BL/6 mice. The SC-islets reaggregated with 

CD4+/CD8- cells died one week after transplantation (Fig. 4B) whereas SC-islets reaggregated with 

CD4+/CD8+ cells survived for eight weeks. The CD4+/CD8+ cells remain in the grafts four weeks after 

transplantation as does a CD25+ population of cells (Fig. 4C). These results indicate that the CD4+/CD8+ 

cells can play a protective role in vivo when co-transplanted with SC-islets outside testis tissue. 

 

Immunotolerant Microenvironment Induced by Cytokines Protects SC-islets both In vitro and In 

Vivo 
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We next tested for cytokines and chemokines secreted by mouse testis and identified IL-2, IL-10, CXCL1, 

CCL2, TIMP-1, and CXCL12 (Fig. 5A and B). Secretion of IL-2 and IL-10 in the testis condition media 

was confirmed by ELISA (Fig. 5C). Addition of IL-2 (30 IU/ml) induced the highest Treg proportion in the 

co-culture among conditions tested (Fig. 5D). IL-2 expands not only Tregs but also effector T cells (Teffs), 

natural killer cells (NKs), and cytotoxic T lymphocytes (CTLs)(16, 17), and IL-2 alone also up-regulated 

T cell proliferation in the co-cultures (Fig. 5E). We observed down-regulated T cell expansion in the 

activation condition with IL-10 or TGFβ (Fig. 5E). Previous literature also indicated that IL-2 and TGFβ 

are crucial for inducing Treg fate when T cells are stimulated(18), while IL-10 was an essential mediator of 

suppression used by Tregs(19, 20). Thus, we chose IL-2, IL-10, and TGFβ as the cytokine cocktail to test 

further.  

 

Tregs induction and down-regulated T cell proliferation were achieved in the co-culture assay with IL-2, IL-

10, and TGFβ together (Fig. 5E). In the transplantation experiments, SC-islets clusters were embedded with 

these cytokines in Matrigel, using control of SC-islets only. Transplants were retrieved at different times 

and we found that grafts without cytokines were rejected within ten days post transplantation. SC-islets 

embedded with cytokines had a longer life span (up to 8 weeks) under the kidney capsule in these immune-

competent mice (Fig.5F).  

 

Two weeks after transplantation there was a robust IL-2 signal in the gap space in the transplanted grafts 

under the kidney capsule.  FOXP3+ Tregs infiltrated the grafts. Four weeks post transplantation the signal of 

IL-2 was diminished and fewer Tregs were observed in the grafts. At eight weeks no IL-2 signal nor Tregs, 

were detected and the SC-islets were rejected. We could conclude that IL-2, IL-10, and TGFβ as a cytokine 

cocktail can form a local immunotolerant environment to induce Tregs and protect transplanted grafts against 

xeno-rejection in vivo.  
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The cytokine cocktail protects NOD islets from auto-rejection 

The experiments described above address immune protection in a xeno-tranplant. To test whether these 

cytokines provide protection in an auto-immune diabetic model, we injected pancreas homing AAV8 virus-

derived with a mouse INS2 reporter driving a mouse IL-2 mutein (N88D) and TGFβ into three-week-old 

female NOD mice. The modification of IL-2 into IL-2N88D follows reports(21, 22) showing that reduced 

binding to the intermediate affinity IL-2Rβγ receptor favors Treg-specific expansion. As the AAV8 had a 

length limitation, IL-10 was abandoned since it did not induce Tregs. Firefly luciferase (Luc2) was used to 

trace the virus location in vivo. Control mice were injected only with INS2-derived Luc2. The luciferase 

signal and blood glucose of all mice were measured every week (Fig. 6B and C).  Blood glucose levels 

show the mice became diabetic at 16-18 weeks after injection in both the untreated control and luc2 control 

mice. In contrast, half of the mice injected with IL-2N88D+TGFβ remained normal glycemic at 20 weeks 

after injection. The survival rate of the mice was also higher in the IL-2N88D+TGFβ injection group (Fig. 

6C). Histology of the pancreases of NOD mice from 10 weeks and 20 weeks after injection showed the 

absence of healthy islets in the controls (Fig. 6D). The islets were either heavily infiltrated with CD4+ T 

cells or totally rejected. In contrast, islets in the mice injected with IL-2N88D+TGFβ virus were either free 

of T cells or infiltrated with Tregs. There was a lower T cell density where Tregs were located (Fig. 6D), 

indicating that Tregs were suppressed T cell proliferation. 50 islets were examined by immunohistochemistry 

in this cohort: 14 lacked any T cell infiltration and among the others, 33/36 had Tregs. From these results, 

we could conclude that cytokine cocktail can recruit Tregs to protect islets from being rejected for some 

period.   

 

 

DISCUSSION 
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Stem cell-derived cells or tissues hold promise in providing an endless cell source for tissue or organ 

replacement. After producing fully functional stem cell-derived cells, the next challenge is solving the 

problem of immune rejection. In this study, we mimic the local immunotolerant environment of an immune-

privileged organ to protect cells. We find a tolerizing T cell population, CD4+/CD8+ cells, in mouse testis,      

which has been previously described in the literature in several pathological conditions(23-28). In most 

cases, including cancer, autoimmune, and chronic inflammatory disorders, it serves a suppressive role in 

regulating immune activity(26-28). In our study, the CD4+/CD8+ cells represented Tregs identity in many 

aspects, including TSDR, gene expression, and cytokine secretion. We also find that this population of cells 

can suppress T cell activities and protect transplanted SC-islet grafts both in vitro and in vivo. To extend 

our study, we use a cytokine cocktail identified in the testis secretome (IL-2, IL-10, and TGFβ) to induce a 

protective environment for both xeno-transplantation and autoimmune rejection in NOD mice. The results 

suggest that the cytokine cocktail could induce Tregs population when the antigen-presenting cells are 

transplanted. Human pluripotent stem cell-derived islets (transplanted SC-islets) and endogenous NOD 

islets both survive longer in vivo. These data indicate that the cytokine cocktail can induce a protective 

micro-environment that may provide a possibility for improving cell allo-cell transplantation outcomes.  

 

We show that the SC-islets could survive up to 2 months after transplantation into an immune-competent 

mouse. The Matrigel and the associated cytokines may dissipate when the Matrigel dissolves. A longer-

lived matrix or a slow-release pump may achieve a longer life span for transplanted grafts. Generating an 

IL-2, IL-10, and TGFβ secreting pluripotent cell line may also be explored in which case would produce 

and release the tolerizing cytokines for a longer period. In order to test this hypothesis, we generated an IL-

2, IL-10, and TGFβ constant expression cell line (2B10) in a separate project and used it to test the 

protective efficacy after SC-islet transplantation(29). In two mouse models (C57BL/6 and NOD), we show 

that the 2B10-derived SC-islets can recruit Tregs to their surrounding area and have a significantly longer 

life span compared to the WT SC-islets. Those studies extend and complement the present report wherein 
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are directly provided to the surrounding micro-environment. Altogether all these results suggest multiple 

ways to deliver cytokines to provide a protective function. 

 

Numerous studies have shown that Tregs play a central role in the induction and maintenance of immune 

homeostasis and self-tolerance. Phase I/II clinical trials have explored administering low-dose IL-2 

subcutaneously to induce Tregs for treating autoimmune diseases such as chronic refractory graft-versus-

host-disease (GVHD)(30), hepatitis C virus-induced vasculitis(31), and type 1 diabetes (T1D)(32-34). 

These studies showed that a low dose of IL-2 would yield a higher Tregs ratio in the peripheral blood of the 

patients. However, typical side effects such as influenza-like syndrome were reported(32), which might be 

due to the systematic suppression of the immunity in the patients. Here, we aim to induce the Tregs 

surrounding the grafts instead of a systematic induction of Tregs.  

 

Overall, our approach provides another approach to considering immune protection of stem cell-derived 

tissue transplantation with the aim of avoiding the long-term usage of systemic immunosuppressive drugs. 

 

MATERIALS AND METHODS 

Stem cell culture and islet differentiation 

HUES8 human embryonic stem cells are cultured and differentiated into SC-islets in suspension as 

previously described(1). Briefly, HUES8 was maintained using mTeSR1 (Stem Cell Technologies, 85850) 

in 500ml spinner flasks (Corning, VWR) spinning at 70 rpm in the incubator at 37 °C, 5% CO2, and 100% 

humidity, and was passaged every 3 days. For differentiation, 150 million cells were seeded using 300 ml 

mTeSR1+10 μM Rock inhibitor (Y27632) 3 days prior to changing to differentiation media. The stepwise 
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SC-islets differentiation was performed as the previous described(1), with slight modification, the brief 

protocol is listed below: 

Stage 1 day 1: S1 medium supplemented with Activin A (100ng/ml) and CHIR99021 (14μg/ml). Stage 1 

day 2-3: S1 medium supplemented with Activin A (100ng/ml). 

Stage 2 day 1-3: S2 medium supplemented with KGF (50ng/ml). 

Stage 3 day1-2: S3 medium supplemented with KGF (50ng/ml), LDN193189 (200nM), Sant1 (0.25μM), 

retinoic acid (2μM), PDBU (500nM) and Y-27632 (10μM).  

Stage 4 day 1-5: S3 medium supplemented with KGF (50ng/ml), Sant1 (0.25μM) and retinoic acid (0.1μM), 

Y27632 (10μM) and Activin A (5ng/ml). 

Stage 5 day1-3: BE5 medium supplemented with Sant1 (0.25μM), Beta Cellulin (20ng/ml), XXI (1μM), 

Alk5iI (10μM) and T3 (1μM). Stage 5 day5-7: BE5 medium supplemented with Beta Cellulin (20ng/ml), 

XXI (1μM), Alk5iI (10μM) and T3 (1μM). 

Stage 6: CMRLS medium supplemented with Alk5iI (10μM) and T3 (1μM). 

All experiments involving human cells were approved by the Harvard University IRB and ESCRO 

committees. 

 

Resizing, Reaggregation, and transplantation of SC-islets into mouse testis 

The SC-islet clusters were resized to 100μm in diameter to be easy to transplant. Before and after resizing, 

the clusters were stained with NKX6-1, C-peptide, and Chromogranin A to confirm the critical gene 

expression of the SC-islets (Fig. S1B). The reaggregation procedure is performed to remove non-endocrine 

cells before transplantation as described previously(3). SC-islets were dissociated into single cells at Stage 

6 day 14 using TryplE and seeded back into 3D suspension in Stage 6 media in 1 million/ml concentration, 
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and then cultured in the incubator at 37 °C, 5% CO2 with 70 rpm agitation. After 24h, the endocrine cells 

would self-aggregate into clusters, whereas progenitor cells remain in the supernatant. Media changes were 

performed every 2 days. The reaggregated clusters were ready to transplant after 3 days. Transplantation of 

reaggregated clusters into testis was carried out as previously described(35). 2 million reaggregated clusters 

were injected into 8-10 weeks old C57BL/6 mice (Charles River) testis(36), both inside and outside of the 

seminiferous tubules. At the specified time after transplantation, testis containing SC-islets were dissected 

and fixed in 4% PFA overnight at 4 °C. The fixed testes were embedded in paraffin and sectioned for 

immunofluorescence staining, which was performed as described below. All animal studies were approved 

by the Harvard University IACUC. 

 

In vivo and in vitro Glucose-stimulated insulin secretion assays 

Detection of human insulin level in mouse serum following a glucose challenge in SC-islets transplanted 

animals was conducted as described(1): animals were fasted for 16h overnight, and the Serum samples were 

collected through mandibular bleeding using a lancet (Feather; 2017-01) for detecting fast insulin levels. 

Then, the glucose challenge was done by intraperitoneal injection of D-(+)-glucose (2 g/1 kg body weight). 

Serum was collected 30min after injection. Serum was separated out using Microvettes (Sarstedt; 

16.443.100) and stored at −80°C until ELISA analysis. 

 

Cell clusters sampled from Stage 6 day 14 SC-islets were divided into four parts for GSIS assays. Krebs 

buffer (128 mM NaCl, 5 mM KCl, 2.7 mM CaCl2, 1.2 mM MgSO4, 1 mM Na2HPO4, 1.2 mM KH2PO4, 

5 mM NaHCO3, 10 mM HEPES (Life Technologies; 15630080), 0.1% BSA in deionized water) containing 

2.8mM glucose was used to wash clusters. Afterward, the clusters were loaded into 24-well plate inserts 

(Millicell Cell Culture Insert; PIXP01250), followed by fasting in Krebs buffer containing 2.8mM glucose 

for 1h. Subsequently, clusters were washed with Krebs buffer containing 2.8mM glucose and incubated 
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with Krebs buffer containing 2.8mM glucose at 37°C for 1h, supernatant was collected to measure insulin 

level. Then the incubation media was changed to Krebs buffer containing 20mM glucose. Clusters were 

incubated for 1h and supernatant was collected for detecting insulin levels. An additional wash was 

performed between 20mM and 2.8mM to remove residual glucose, followed by repeating this sequence one 

more time. Finally, a depolarization challenge was performed by incubating the clusters in Krebs buffer 

containing 2.8 mM glucose and 30 mM KCl for 1 h, and then the supernatant was collected. Clusters were 

then dissociated using TrypLE Express (Life Technologies) and cells were counted by an automated Vi-

Cell (Beckman Coulter). All incubations were carried out at 37°C, with supernatant samples collected at 

the end of each incubation. 

Insulin levels in serum/supernatant samples containing secreted insulin were measured by a Human 

Ultrasensitive Insulin ELISA kit (ALPCO Diagnostics; 80-INSHUU-E10) followed the manufacturer’s 

protocol. 

 

Immunohistochemistry 

The testes/kidney of SC-islets transplanted mice were excised and fixed in 4% paraformaldehyde (PFA) in 

PBS at 4℃ overnight. Paraffin embedding and section cutting were done by the HSCI histology core. 

Before staining, paraffin-embedded slides were treated with Histo-Clear to remove the paraffin. All slides 

were rehydrated via an ethanol gradient, and the antigen was fixed by incubating in boiling antigen retrieval 

reagent (10 mM sodium citrate, pH 6.0) for 50 min. For staining, slides were incubated in 5% donkey serum 

blocking media for 1h, followed with primary antibodies listed above overnight at 4 °C, washed three times, 

incubated in secondary antibody for 2 h at room temperature, washed, mounted in Vectashield with DAPI 

(Vector Laboratories; H-1200), covered with coverslips and sealed with clear nail polish. Representative 

regions were imaged using Zeiss LSM 880 microscopes. The images shown are representative of similar 

results in at least three biologically separate differentiations from matched or similar stages. 
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Mouse Sertoli cell isolation, spleen mononuclear cell isolation, and co-culture experiments 

Mouse Sertoli cells need to be isolated and seeded into the gelatin-coated plates one day before setting up 

for co-culturing. The Sertoli cells were isolated as previously described(37). Briefly, the testis was removed 

and washed twice with PBS. The seminiferous tubules were disseminated in collagenase Ⅳ (Gibco, 

17104019, 1mg/ml in PBS) at 37℃ for 10-15 min. Let the seminiferous tubules settle down and discard the 

supernatant containing interstitial cells. The seminiferous tubules were then washed 3 times with PBS and 

moved into 0.25% trypsin solution, incubated at 37℃ for 5-10 min, pipette gently until the tubules got 

fragmented. The single cells were quenched with DMEM with 10%FBS. Sertoli cells and germ cells are 

pelleted through centrifuge and seeded on the gelatin-coated plate at 0.2-0.3 million/cm2, incubated at 37℃ 

overnight. The next day, the Sertoli cells were attached to the bottom of the plates, then remove the 

supernatant containing germ cells. 

Mouse primary spleen mononuclear cells (MNCs) were isolated using C57BL/6 mice. Red blood cells are 

removed by RBC Lysis Buffer (Biolegend # 420301). MNCs were counted and placed on ice until further 

use.  

 

T cell activation assay 

Single SC-islet cells are used as target cells. The immune/target cell ratio for co-culture is 1:1. After a 48- 

hour co-culture, CD4+ and CD8+ T cells were stained for naïve T cell marker CD62L or T cell activation 

markers CD69 and CD25. 

 

T cell proliferation assay 
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The MNCs were prelabeled with CellTrace™ CFSE dye (Life Technology, C34554) as instructed. After 

labeling, the immune/target cells were co-cultured in a ratio of 1:1. 3 or 5 days after co-culture. The CD4+ 

cells were analyzed through the 488 channel. 

 

T cell stimulation(expansion) assay 

The CD3/CD28 Dynabeads (Gibco, 11452D) were used to stimulate T cell activation and proliferation. In 

the stimulation condition, CD4+/CD8+ cells or cytokines were added to test their immunosuppressive 

function. 

 

The Treg-Specific Demethylated Region (TSDR) analysis of CD4+/CD8+ cells 

CD4+/CD8+ cells and CD4+/CD8- cells were isolated from the testis through flow cytometry at 2, 4, 8 weeks 

after testis transplantation. Treg control was isolated from mouse spleen by Dynabeads™ FlowComp™ 

Mouse CD4+CD25+ Treg Cells Kit (life Technology, 11463D). All the cell samples were sent to EpigeneDx 

to do TSDR analysis. 

 

The bulk RNA seq of the Tregs, CD4+/CD8+ cells, and CD4+/CD25- T cells 

The Tregs and the CD4+/CD25- T cells were isolated from C57BL/6 mouse spleen using the Mouse 

CD4+CD25+ Treg Cells Kit (Invitrogen 11463D). The CD4+/CD8+ cells were sorted from testis, which 

received SC-islets. Each cell type had two biological replicates. All the samples were sent to Bauer Core 

Facility at Harvard University for further processing and sequencing.  

Bulk RNA sequencing data was obtained from two biological duplicates of each cell type and counts of 

reads mapping to genomic features were produced using the RSEM package. Reads were aligned to mouse 
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genome GRCm39 using the rsem-calculate-expression module with the bowtie2 option and collected using 

rsem-generate-data-matrix. Expression data were log2 normalized and reference profiles of Treg and CD4 

T-cells were obtained by taking the means of the biological replicates. To compare the expression profiles 

across samples, the 50 most enriched markers were selected from each of the two reference profiles and 

visualized using a heatmap.   

 

Cytokine array of the testis supernatant 

The digestion of mouse testis cells was described above. 48 hours after culturing, the testis supernatant and 

the blank medium were collected for the cytokine array (R&D System, ARY006).  

 

Kidney Capsule transplantation of the SC-islets 

Kidney Capsule transplantation of the SC-islets was carried out as previously described1 with minor 

modification. For the CD4+/CD8+ cells co-transplantation assay, SC-islet clusters were reaggregated with 

CD4+/CD8+ cells or CD4+/CD8- cells at 10:1 ratio. About 3 x 106 reaggregated clusters were transplanted 

into male C57BL/6 mice kidney capsules (Charles River). For the cytokine co-transplantation assay, about 

5 × 106 SC-islet clusters were embedded into Matrigel. We used a low dose of IL-2 as the same as the most 

efficient dose to induce Tregs when used in the T1D treatment clinical trial (0.47x106IU/m2)(38) (R&D, 402-

ML-020/CF), 100 μg/ml mouse recombinant IL-10(R&D, 417-ML-025/CF), and 100 μg/ml mouse 

recombinant TGFβ1(R&D, 7666-MB-005/CF) were also added into Matrigel and transplanted together into 

the kidney capsule of male C57BL/6 mice (Charles River) aged between 8 and 12 weeks. At the specified 

time after transplantation, kidneys containing grafts were dissected and fixed in 4% PFA overnight at 4 °C. 

The fixed kidneys were embedded in paraffin and sectioned for immunofluorescence staining, which was 

performed as described above. All animal studies were approved by the Harvard University IACUC. 
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In vivo AAV transduction 

ssAAV plasmids encoding Firefly luciferase (Luc2) (control) and Luc2-IL2N88D-TGFβ (experimental) 

(Fig. 6A) were packaged in AAV8-Y447F+Y773F(39) (PackGene) and injected i.p. into 4-week-old 

female NOD mice (n=10/group) (Jackson Laboratories) at a concentration of 5x1011 GC/mouse. Blood 

glucose and body weight measurements were recorded weekly until blood glucose measured >200 mg/dL, 

after which measurements were recorded daily. In vivo bioluminescence imaging was performed weekly 

after i.p. administration of 10 µL/g D-luciferin (15 mg/ml) (GoldBio) and imaged 10 min post-injection 

on the IVIS Spectrum (PerkinElmer). 
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Figure1. Human SC-islets survival and function in C57BL/6 mice testes 

A. Human insulin level in mouse plasma measured every week after transplantation.  

B. Glucose-stimulation-insulin-secretion in vivo, measured four weeks after transplantation.  

C. Immunostaining of INS and CD4 in the testes (or kidney capsules) at 1, 4, and 8 weeks after 

transplantation. No grafts were found 1 week after transplantation under the kidney capsule (bar 

=100μm).  

D. Immunostaining of CD25, CD8, and INS, showing Tregs in the testes 4 and 8 weeks after 

transplantation (bar =100μm). 
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Figure2. In vitro co-culture of SC-islets and MNCs in the presence of Testis tissue or Sertoli cells 

A. Schematic diagram of co-culture settings.  

B. CD4 T cell activation (left) and proliferation (right) under co-culture.  

C. Flow cytometry shows CD4+/CD8+ cells exist in co-culture groups containing testis tissues or 

Sertoli cells. This population has high CD25 and CD62L expressions.  

D. Statistical analysis of the ratio of CD4+/CD8+ and CD25+ population in each co-culture condition.  
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Figure 3. Identification of CD4+/CD8+ population in testis transplantation 

A. Immunostaining showing CD4+/CD8+ cells in the interstitium of testis 2 weeks after 

transplantation.  

B. FACS sorting of CD4+/CD8+ cells from transplanted testis 2 weeks after transplantation.  

C. RT-PCR shows cytokines produced by CD4+/CD8+ and CD4+/CD8- populations 4 weeks after 

transplantation.  

D. T cells activation stimulated by CD3/CD28 antibody in the presence of CD4+/CD8+ cells isolated 

from transplanted testis 2 weeks after transplantation. The control group was MNCs without 

CD3/CD28 antibody or CD4+/CD8+ cells. The MNC only group stimulated by CD3/CD28 

antibodies. The 1:1 group contains MNCs and CD4+/CD8+ cells at a 1:1 ratio, then stimulated by 

CD3/CD28 antibodies.  

E. T cell proliferation in CD3/CD28 antibody stimulation assay in presence of CD4+/CD8+ cells at 

CD4+/CD8+ cells: MNCs = 1:1, 1:2, 1:4, 1:8, 1:16 ratios.  

F. CD4+/CD8+ population induction in vitro co-culture assays of SC-islets and MNCs.  
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Figure 4. CD4+/CD8+ cells are protective for in vivo transplanted grafts in sites outside of the testis 

A. Schematic diagram showing two rounds of transplantation experiments.  

B. Immunostaining of insulin-producing cells, mouse resource cells, and human resource cells of 

CD4+/CD8- cells co-transplantation and CD4+/CD8+ cells co-transplantation at 1 or 8 weeks after 

transplantation (bar = 100μm).  

C. Immunostaining shows CD4+/CD8+ cells and CD25+ Tregs exist 4 weeks after transplantation (bar 

= 100μm). 
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Figure 5. Reconstitution of the immune tolerant environment using cytokine cocktails. 

A. Cytokine array of secreted cytokines and chemokines in testis supernatant. The spots on the top 

left, top right and bottom left were the reference spots. 

B. Quantification of cytokines and chemokines normalized to the blank medium control.  

C. IL-2 and IL-10 Elisa of testis supernatant confirm secretion of cytokines in the testis.  

D. Cytokines screening for induction of Tregs in by CD3/CD28 beads. 3 days after expansion, MNCs 

were collected for CD25 and CD4 staining. 

E. T cell stimulated by CD3/CD28 beads while adding IL-2, IL-10, TGFβ, or a combination of 

cytokines, measured 3 days after co-culture. Upper row, Tregs induction under each condition. 

Lower row, T cell proliferation tested by CFSE cell proliferation trace under each condition. 

F. Immunostaining of IL-2, INS, FOXP3, and CD8 in grafts at 10 days in the control group, and 2, 4, 

and 8 weeks show a protective effect of the cytokine cocktails (bar = 100 μm). 
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Figure 6. A cytokine cocktail induces a tolerant environment to help prevent or delay diabetes in NOD mice. 

A. Schematic diagram showing pancreas homing AAV8 derived mouse Ins2 promoter driving mIL-

2N88D and TGFβ (the control group has mouse Ins2 derived Luc2 in the virus) in 3–4-week-old 

NOD mice.  

B. Luciferase signal showing virus expression in vivo, measured at 2-, 4-, 8- and 10-weeks post-

injection.  

C. Blood glucose level and survival rate of each group monitored every week. The 3-week blood 

glucose was measured after 5 hours of fasting; the other time points were measured without fasting.  

D. Immunostaining shows islet survival and Treg induction. 
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Figure S1. In vitro differentiation of SC-islets from human ES cells. 

A. Flow cytometry shows NKX6-1 and C-peptide expression for beta cells in Stage 6 of 

differentiation. 

B. Immunostaining of NKX6-1, C-peptide, and Chromogranin A before and after cluster resizing to 

100μm. 

C. In vitro GSIS of SC-islets shows function. 

D. Transplantation site in the testis, in the seminiferous tubules (left), in the interstitium space of the 

testis(right) 
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Figure S2. Identification of CD4+/CD8+ population in testis transplantation 

A. Bulk RNA seq of CD4+/CD25+ Tregs, CD4+/CD8+ cell population, and CD4+/CD25- cell population. 

The top 100 differentially expressed genes in CD4+/CD25+ Tregs and CD4+/CD25- cell population 

are shown 

B. Bisulfite sequencing of gene methylation levels of T cell-related genes for Tregs control, CD4+/CD8- 

cells, and CD4+/CD8+ cells sorted from testis at 2, 4, and 8 weeks after transplantation.  
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