

[image: Human stem cell derived beta-like cells engineered to present PD-L1 improve transplant survival in NOD mice carrying human HLA class I]
Human stem cell derived beta-like cells engineered to present PD-L1 improve transplant survival in NOD mice carrying human HLA class I





ORIGINAL RESEARCH

published: 25 November 2022

doi: 10.3389/fendo.2022.989815

[image: image2]


Human stem cell derived beta-like cells engineered to present PD-L1 improve transplant survival in NOD mice carrying human HLA class I


Jorge Santini-González 1, Roberto Castro-Gutierrez 2, Matthew W. Becker 1, Chad Rancourt 3, Holger A. Russ 2 and Edward A. Phelps 1*


1 J. Crayton Pruitt Family Department of Biomedical Engineering, University of Florida, Gainesville, FL, United States, 2 Barbara Davis Center for Diabetes, Department of Pediatrics, University of Colorado Anschutz Medical Campus, Aurora, CO, United States, 3 Animal Care Services, University of Florida, Gainesville, FL, United States




Edited by: 

Yumi Imai, The University of Iowa, United States

Reviewed by: 

Quinn Peterson, Mayo Clinic, United States

Shunbun Kita, Osaka University, Japan

*Correspondence: 

Edward A. Phelps
 ephelps@bme.ufl.edu

Specialty section: 
 This article was submitted to Diabetes: Molecular Mechanisms, a section of the journal Frontiers in Endocrinology


Received: 08 July 2022

Accepted: 19 October 2022

Published: 25 November 2022

Citation:
Santini-González J, Castro-Gutierrez R, Becker MW, Rancourt C, Russ HA and Phelps EA (2022) Human stem cell derived beta-like cells engineered to present PD-L1 improve transplant survival in NOD mice carrying human HLA class I. Front. Endocrinol. 13:989815. doi: 10.3389/fendo.2022.989815



There is a critical need for therapeutic approaches that combine renewable sources of replacement beta cells with localized immunomodulation to counter recurrence of autoimmunity in type 1 diabetes (T1D). However, there are few examples of animal models to study such approaches that incorporate spontaneous autoimmunity directed against human beta cells rather than allogenic rejection. Here, we address this critical limitation by demonstrating rejection and survival of transplanted human stem cell-derived beta-like cells clusters (sBCs) in a fully immune competent mouse model with matching human HLA class I and spontaneous diabetes development. We engineered localized immune tolerance toward transplanted sBCs via inducible cell surface overexpression of PD-L1 (iP-sBCs) with and without deletion of all HLA class I surface molecules via beta-2 microglobulin knockout (iP-BKO sBCs). NOD.HLA-A2.1 mice, which lack classical murine MHC I and instead express human HLA-A*02:01, underwent transplantation of 1,000 human HLA-A*02:01 sBCs under the kidney capsule and were separated into HLA-A2 positive iP-sBC and HLA-class I negative iP-BKO sBC groups, each with +/- doxycycline (DOX) induced PD-L1 expression. IVIS imaging showed significantly improved graft survival in mice transplanted with PD-L1 expressing iP-sBC at day 3 post transplantation compared to controls. However, luciferase signal dropped below in vivo detection limits by day 14 for all groups in this aggressive immune competent diabetes model. Nonetheless, histological examination revealed significant numbers of surviving insulin+/PD-L1+ sBCs cells for DOX-treated mice at day 16 post-transplant despite extensive infiltration with high numbers of CD3+ and CD45+ immune cells. These results show that T cells rapidly infiltrate and attack sBC grafts in this model but that significant numbers of PD-L1 expressing sBCs manage to survive in this harsh immunological environment. This investigation represents one of the first in vivo studies recapitulating key aspects of human autoimmune diabetes to test immune tolerance approaches with renewable sources of beta cells.
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Introduction

Type 1 diabetes (T1D) is characterized by the selective destruction of the insulin producing beta cells by self-reactive T-cells (1, 2). Cadaveric islet transplantation has demonstrated the feasibility of beta cell replacement to restore insulin independence in some patients (3, 4). Donor organ scarcity and variable islet quality, recurrence of autoimmunity, and the need for systemic immunosuppression remain obstacles to widespread implementation of islet replacement therapy. To overcome these limitations, we and others have demonstrated the successful generation of stem cell derived beta cells (sBC) from human pluripotent stem cell sources (hPSC), effectively generating an abundant and renewable source of functional human beta cells (5–7). sBCs can control normal blood sugar levels in immune compromised preclinical diabetic animal models highlighting their promise for beta cell replacement therapy (5, 8). This technology has rapidly progressed to human patients. Ongoing clinical trials using stem cell derived pancreatic cells in conjunction with immune barrier technologies have demonstrated promising results (9, 10). In addition, a trial exploring the use of naked sBC pseudo islets with systemic immune suppression recently announced that the first patient to receive the therapy achieved insulin independence at day 270 with half the target dose (11).

To avoid the negative consequences of systemic immunosuppression, islet graft immune barrier materials have been developed such as poly-ethylene glycol (PEG), alginate or permeability-selective membranes (12–17). Although these materials prevent direct interaction between islets and immune cells, the encapsulation material can trigger a foreign body response. In addition, by preventing islet revascularization, encapsulation limits islet function and reduces oxygen and nutrient transport, eventually leading to apoptosis and graft failure (15, 18). Thus, there exists a critical unmet need to engineer local tolerance approaches for renewable sources of beta cells that will facilitate islet engraftment while simultaneously preventing immune destruction of the graft.

Others have provided the proof-of-concept that presentation of programmed death ligand 1 (PD-L1) or Fas ligand on the surface of islets or PEG microgels co-transplanted with islets is sufficient to prevent islet rejection in the allo-transplant (19–22) and xeno-transplant setting (23). However, these studies focused on non-humanized animals, chemically induced (not autoimmune) diabetes, and allo/xenograft mechanisms of rejection. Although, the field has vastly advanced by their contribution, it remains to be determined whether such a strategy could be effective in the setting of spontaneous and sustained islet autoimmunity. Thus, further evaluation of the immune component in the context of a human-like spontaneous autoimmunity and using renewable human beta cells is important.

We set out to investigate a strain of NOD mouse that expresses human HLA-A2 molecules instead of mouse MHC class I for transplantation studies of HLA-A2 matched human sBCs (24). The mouse strain NOD-cMHCI-/–A2 is a humanized model that develops spontaneous autoimmune diabetes. The mouse MHC class I genes H2-D1 and H2-K1 are genetically knocked out, and the human HLA Class I transgene HLA-A*02:01 (HLA-A2) is incorporated. Previous work by others identified the HLA-A2.1–restricted autoantigenic epitopes in NOD-A2 mice to be derived from the pancreatic β-cell proteins insulin and IGRP (25–27), which are also targeted by CD8+ T cells in human T1D patients expressing this HLA class I variant (28–33). Additionally, T cells from NOD-cMHCI-/–A2 mice will target and kill human beta cells from A2 donors in an antigen-specific TCR-HLA matched manner (25). Thus, the autoimmune response in these mice recapitulates aspects of T1D in humans, particularly related to beta cell killing.

Here, we transplanted different experimental groups of HLA-A2 expressing sBC clusters (sBCs) into NOD-cMHCI-/–A2 mice and performed longitudinal and end point analysis. sBC clusters were engineered to harbor DOX-inducible PD-L1 expression with and without global HLA class I expression. We observed that DOX-inducible PD-L1 improved the survival of sBC grafts in NOD-cMHCI-/–A2 recipients for both HLA class I expressing and HLA class I KO cells. As such, our study provides a critical first step into evaluating the effects of sBC immune modulatory interventions by bioengineering technology in a human HLA-A2 matched animal with spontaneous autoimmune rejection.



Materials and methods


hPSC culture and differentiation of stem cell derived beta-like cells

sBCs were generated using methods consistent with our previous publications (34). Undifferentiated hPSC Mel1INS-GFP reporter cells (35) were maintained on hES qualified Matrigel (Corning #354277) in mTeSR+ media (STEMCELL Technologies #05826). Differentiation to stem cell derived beta like cells (sBC) was carried out in suspension‐based, bioreactor magnetic stirring system (Reprocell #ABBWVS03A-6, #ABBWVDW-1013, #ABBWBP03N0S-6) as follows. Confluent hPSC cultures were dissociated into single‐cell suspension by incubation with TrypLE (Gibco #12-604-021) for 8 min at 37 C. Detached cells were quenched with mTESR+ media. Cells were then counted using a MoxiGo II cell counter (Orflow), followed by seeding 0.5 × 106 cells/ml in mTeSR+ media supplemented with 10 μM ROCK inhibitor (Y-27632, R&D Systems #1254-50). Bioreactors were placed on a magnetic stirring system set at 60 rpm in a cell culture incubator with 5% CO2 to induce sphere formation for 48 hr. To induce definitive endoderm differentiation, spheres were collected in a 50 ml Falcon tube, allowed to settle by gravity, washed once with RPMI (Gibco #11-875-093) + 0.2% FBS, and re‐suspended in d1 media [RPMI containing 0.2% FBS, 1:5,000 ITS (Gibco #41400-045), 100ng/ml Activin A (R&D Systems #338-AC-01M), and 3 μM CHIR99021 (STEMCELL Technologies #72054)]. Differentiation media was changed daily by letting spheres settle by gravity for 3-10 min. Most supernatant was removed by aspiration; fresh media was added, and bioreactors were placed back on stirrer system. sBC differentiation was based on published protocol (5) with modifications as outlined below. Differentiation medias are as: day 2-3: RPMI containing 0.2% FBS, 1:2,000 ITS, and 100 ng/ml Activin A; d4-5: RPMI containing 2% FBS, 1:1,000 ITS, and 50 ng/ml KGF (Prepotech #100-19-1MG); d6: DMEM with 4.5g/L D-glucose (Gibco #11960-044) containing 1:100 SM1 (STEMCELL Technologies #5711), 1:100 NEAA (Gibco #11140-050), 1mM Sodium Pyruvate (Gibco #11360-070), 1:100 GlutaMAX (Gibco #35050-061), 3 nM TTNPB, (R&D Systems #0761), 250 nM Sant-1 (R&D Systems #1974), 250 nM LDN (STEMCELL Technologies #72149), 30 nM PMA (Sigma Aldrich #P1585-1MG), 50 μg/ml 2-phospho-L-ascorbic acid trisodium salt (VitC) (Sigma #49752-10G); d7: DMEM containing 1:100 SM1, 1:100 NEAA, 1mM Sodium Pyruvate, 1:100 GlutaMAX, 3nM TTNPB, and 50 μg/ml VitC; d8-9: DMEM containing 1:100 SM1, 1:100 NEAA, 1mM Sodium Pyruvate, 1:100 GlutaMAX, 100 ng/ml EGF (R&D Systems #236-EG-01M), 50 ng/ml KGF, and 50 μg/ml VitC; d10-16: DMEM containing 2% fraction V BSA, 1:100 NEAA, 1mM Sodium Pyruvate, 1:100 GlutaMAX, 1:100 ITS, 10ug/ml Heparin (Sigma #H3149-250KU), 2 mM N-Acetyl-L-cysteine (Cysteine) (Sigma #A9165-25G), 10 μM Zinc sulfate heptahydrate (Zinc) (Sigma #Z0251-100g), 1x BME, 10 μM Alk5i II RepSox (R&D Systems #3742/50), 1 μM 3,3’,5-Triiodo-L-thyronine sodium salt (T3) (Sigma #T6397), 0.5 μM LDN, 1 μM Gamma Secretase Inhibitor XX (XXi) (AsisChem #ASIS-0149) and 1:250 1M NaOH to adjust pH to ~7.4; d17-23: CMRL (Gibco #11530-037) containing 1% BSA, 1:100 NEAA, 1 mM Sodium Pyruvate, 1:100 GlutaMAX, 10ug/ml Heparin, 2mM Cysteine, 10uM Zinc, 1x BME, 10 μM Alk5i II RepSox, 1 μM T3, 50 μg/ml VitC, and 1:250 NaOH to adjust pH to ~7.4. All medias also contained 1x PenStrep.



Flow cytometry

Single cell sBC were filtered through cell strainer into FACS 5ml tubes and incubated for 30 min on ice for surface markers or overnight at 4°C for intracellular markers. After incubation, the cells were washed and strained again through cell strainer and resuspended in FACS buffer for analyses on CYTEK Aurora. Analysis and graphs were made using FlowJo software v10.6.2.



CRISPR-Cas9 and TALEN mediated genome engineering

Generation of hPSC lines has been described previously (34). Briefly, hPSC Mel1 INS-GFP cells were dissociated into single cells using TrypLE incubation at 37°C for 8 min. Cells were then quenched with mTeSR+ media and counted using MoxiGo II cell counter. 2 x 106 cells were transferred into microcentrifuge tubes and washed twice with PBS. Washed cells were then prepared for nucleofection of TALEN mediated knock-in (KI) of a Tet-On PD-L1 inducible system (i) or a CRISPR-Cas9 mediated B2M gene knock-out (ii). Cells were nucleofected in P3 buffer following the Amaxa P3 Primary cell 4D-Nucleofector kit protocol (V4XP-3024) using the CB-150 program. (i) AAVS1-TALEN-L and AAVS1-TALEN-R (gift from Danwei Huangfu, Addgene plasmid # 59025; http://n2t.net/addgene:59025; RRID: Addgene 59025) as well as a Tet-On inducible PD-L1 overexpression plasmid (generated in house) were nucleofected into Mel1 INS-GFP hPSC. Nucleofected cells were then plated in 10 cm plates with 10 μM ROCK inhibitor. After 48 hr of plating, puromycin selection (0.5 μg/ml) was performed for 48 hr then removed for 48hr followed by neomycin selection (50 μg/ml) for 6 days. Remaining colonies were picked and amplified for further characterization. (ii) guide RNAs (gRNA) targeting exon 1 and exon 2 of the B2M gene were generated in house and nucleofected along with CRISPR-Cas9. 24hr after plating, cells were selected for 48 hr with puromycin (0.5 μg/ml). Single colonies were picked and amplified for further characterization. Genomic DNA was extracted from targeted colonies and PCR analysis for TALEN KI and B2M KO was performed to identify potential modified clones. Further Sanger sequencing of PCR products confirm B2M mutations in the genome of Mel1 INS-GFP hPSC.



Autoimmune diabetes model

The mouse strain NOD-cMHCI-/–A2 (Jax Stock No: 031856) was provided by Dr. Dave Serreze at The Jackson Laboratory. Mice were maintained in University of Florida Institutional Animal Care Services and genotype was confirmed by PCR using a commercial service (Transnetyx). All experiments involving animals were approved by the University of Florida Animal Care and Use Committee (IACUC no. 201810300). NOD-cMHCI-/–A2 mice underwent transplant of 1,000 sBCs under the left kidney capsule, similarly to transplantation of pancreatic islets as described (5, 8, 36). Mice were anesthetized with 1.5-2% isoflurane, shaved and cleaned with alternate washes of sterile saline and 2% chlorhexidine. Subcutaneous injection of buprenorphine was administered as post-operative analgesic. Four days prior to transplant, mice were either kept in a standard feed diet (Envigo 2918) or changed to a doxycycline (DOX) infused feed diet (Envigo TD.01306) ad libitum for the remainder of the study. The animals weight was recorded the day of surgery and every week after that.

Diabetes was confirmed by blood glucose > 250 mg/dl on two consecutive measurements by tail tip blood with ACCU-CHEK® Guide glucose meter. Mice with blood glucose >400 mg/dl were administered with 1-2s unit of Lantus® long-acting insulin, daily. The age of the mice in the study ranged from 15 weeks to 29 weeks. Two weeks after transplantation the graft-bearing kidneys and mice pancreas were recovered for immunohistochemistry analysis.



In vitro bioluminescence by sBCs

The iP-sBCs were genetically engineered to express constitutive firefly luciferase for longitudinal monitoring after transplantation (34). sBCs bioluminescence was tested in vitro in a 96-well polystyrene black plate (Fisher no. 12-566-620) at different densities (0, 25, 50 or 100 clusters). iP and iP + DOX sBCs were incubated for 5 minutes at 37°C in media with or without D-luciferin (150 µg/mL) supplementation, prior to bioluminescence imaging. Bioluminescence was detected with an IVIS® Spectrum In Vivo Imaging System (IVIS, PerkinElmer, Waltham, MA, USA). For bioluminescence imaging, the system was set to take images without any emission filter (open) and chamber temperature set to 37°C.



Longitudinal monitoring of the sBCs grafts by transdermal bioluminescence

Following transplantation, the sBC grafts’ viability was longitudinally monitored by transdermal bioluminescence. A fresh stock solution of D-luciferin (PerkinElmer no. 122799) was prepared at a concentration of 30 mg/mL and filtered through a 0.22μm Spin-X® centrifuge tube filter (Costar no. 8160) at each intervention. Mice were anesthetized with 1.5-2% isoflurane and sterile ocular lubricant was applied. Hair on the left lateral side of the mice was removed with depilatory cream. D-Luciferin was injected subcutaneously at 75 mg/kg five minutes prior to imaging. Transdermal bioluminescence was captured with an IVIS® Spectrum In Vivo Imaging System. For bioluminescence imaging, the system was set to take images without any emission filter (open) and sequential imaging was performed until signal peaked. Transplants were longitudinally monitored at days 1, 3, 7 or 9, and 14 after surgery.

In vivo bioluminescence imaging data was analyzed using PerkinElmer, Inc Living Image® 4.5.5 software. The total flux (p/s) was estimated with a square region of interest (ROI) over the left kidney region. A corrected total flux (CTF) was determined by measuring the background signal in the leg and applying the following formula:

	



Immunohistochemistry

Graft-bearing kidneys and pancreas were fixed with 3.2% paraformaldehyde (Thermo Fisher no. 047377) at 4°C in PBS overnight followed by washes with PBS. The tissues were immersed in 15% w/v sucrose in PBS overnight, followed by 30% w/v sucrose overnight then snap frozen in Optimal Cutting Temperature (O.C.T) compound (Thermo Fisher) using 2-methylbutane (>99% purity) chilled with liquid nitrogen. Frozen tissue blocks were cut with a cryostat into serial 10 μm sections and mounted on Superfrost Plus microscope slides (Thermo Fisher).

Cryosections were incubated twice for 15 minutes in 0.3% Triton X-100. Samples were then blocked and permeabilized in PBS with 0.3% Triton X-100 + 10% donkey serum for 1 hour at room temperature. Primary antibodies were incubated overnight in PBS with 0.3% Triton X-100 + 1% donkey serum at 4°C. CF488A-, CF568A- and 650 Dylight-conjugated secondary antibodies were incubated at 1:200 dilutions in PBS with 0.3% Triton X-100 for 1 hour at room temperature. Coverslips were mounted with ProLong™ Gold with DAPI (Thermo Fisher).



Antibodies

The following primary antibodies were used for immunofluorescence staining with their respective dilution: Guinea pig-anti-insulin (Dako no. A0564, 1:1000), Rat-anti-mouse CD3 (Biolegend no. 100209, 1:50), Rabbit-anti-human PD-L1 (Abcam no. ab205921, 1:200), Rat-anti-mouse CD45 (Sigma Aldrich no. 05-1416, 1:100), Rat-anti-mouse FOXP3 (Biolegend no. 126401, 1:150), Goat-anti-mouse CD4 (Fisher no. AF554SP, 1:200) and Rabbit-anti-laminin (Abcam no. ab11575, 1:300). CF, Alexa and Dylight secondary antibodies were acquired from Sigma-Aldrich and Invitrogen, respectively.



Analysis of the histochemical data

Histochemical samples of the graft-bearing kidneys were analyzed for the number of insulin positive cells (Ins+ cells), PD-L1+ and CD3+ cells. The whole graft section in the kidneys was imaged by tile scanning on a Leica SP8 Confocal microscope with a 20x/0.75 numerical aperture Plan-Apochromat air objective.

All image samples were analyzed using Fiji software (ImageJ). Prior to analysis, a max intensity projection (MIP) of the z-stack was generated. Image channels were split and the CD3+ channel was subtracted from the Ins+ channel with the image calculator. PD-L1+ channel was binarized with threshold set automatically using the moments model. An ROI (ROI-1) was hand drawn around the inner graft area using the CD3+ channel as reference. The number of Ins+ and PD-L1+ cells per unit area in ROI-1 was measured using the Fiji Plug-In StarDist 2D with the following settings: [Model: Versatile (fluorescence nuclei); Normalize Image; Percentile (1.0 - 99.8); Probability/Score (0.7); Overlap (0.4)] (37). Manual counting was used if the number of cells was less than 15 total to avoid a StarDist error.

A second ROI (ROI-2) was hand drawn on the CD3+ channel around the outer graft area. The number of CD3+ cells per unit area in ROI-2 was determined using StarDist 2D with the following settings: [Model: Versatile (fluorescence nuclei); Normalize Image; Percentile (1.0 - 99.8); Probability/Score (0.6); Overlap (0.4)] (37).

For this analysis 3 to 4 MIPs tile scans of 10 μm thin sections of 2 to 4 recovered graft-bearing kidneys for each group, from which graft was successfully located, were utilized. The inner graft area of the histochemical samples was determined for the analysis as the immediate area enclosing all the insulin positive cells. While, the outer graft area was determined as the area encompassing the whole graft adjacent to the kidney tissue wall minus the inner graft area. All images were processed in the same way.



Statistical analysis

One-Way ANOVA with multiple comparisons was used to determine significant changes for the flow cytometry analysis. IVIS Imaging bioluminescence data was analyzed by Two-Way ANOVA. Repeated measures from the same mouse were matched by time point and corrected with Geisser-Greenhouse correction method (if ϵ < 0.75). For immunohistochemistry quantification, means between two groups were compared by two tailed Student’s t-test. A confidence level of 95% was considered significant. The statistical test used, P values and definition of n are indicated in the individual figure legends. Error bars display the standard error from the mean (± s.e.m). Statistical analyses were performed in GraphPad Prism 9.3 software.




Results


Characterization of sBCs with inducible PD-L1 system and HLA class I KO

Programmed death-1 (PD-1) is an inhibitory receptor expressed on the surface of antigen-stimulated T cells that is important for maintenance of tolerance (38). The ligand of PD-1, PD-L1, is expressed on a variety of somatic cell types and is important for regulating the immune system’s response to self-antigen by down-regulating T cell inflammatory activity. Binding of PD-L1 to its receptor PD-1 on activated T cells inhibits T cell activation signals and inhibits CD8+ T cell cytotoxicity. In the context of autoimmune diabetes, systemically disrupting PD-1/PD-L1 interactions with a monoclonal antibody or through genetic deficiency accelerates T1D in NOD mice (39). PD-1/PD L1 checkpoint inhibitors used clinically to treat cancer in humans can result in autoimmune side effects including an aggressive form of autoimmune diabetes termed fulminant T1D (40, 41). Thus, augmenting PD-1/PD-L1 signaling in the local vicinity of the islet is a valid strategy to counter islet immune rejection (23).

We previously evaluated the protective capability of sBCs with overexpression of PD-L1 and deletion of HLA surface expression to counteract autoreactive CD8+ TCR stimulation in vitro (34). Similarly, we used the PD-L1 inducible system that was integrated into the AAVS1 locus of hPSC that contains a GFP fluorescence reporter under the control of the endogenous insulin promotor (INS-GFP). The transgene cassette also contains a strong CAG promoter driving constitutive expression of the M2rtTA that facilitates the Tet-On–DOX inducible PD-L1 expression system (referred to as iP) under the control of the TRE3G promoter. Site specific integration was possible using transcription activator-like effector nucleases (TALEN) technology (Figure 1A). HLA class I surface expression by sBCs was disrupted by knockout (KO) of the beta-2- microglobulin (B2M) gene (referred to as iP-BKO) with CRISPR/Cas9 by two gRNAs directed towards exon 1 and exon 2 of the B2M gene (Figure 1B). sBCs were generated from iP and iP-BKO hPSCs employing a 3D suspension based directed differentiation protocol, as previously described (34), and INS-GFP expression was confirmed by live fluorescence imaging (Figures 1C, D). After completion of the differentiation protocol, dual-expression of key beta cell markers C-peptide (cPEP, a byproduct of endogenous insulin biosynthesis) and NKX6.1 was determined by flow cytometry (Figure 1E). About 40% of total cells expressed cPEP at the end of the differentiation protocol. Furthermore, the percentage of NKX6.1 and cPEP double positive cells is ~25% on average for both lines. Introduction of the PD-L1 inducible system or deletion of all HLA class I surface molecules via beta-2 microglobulin knockout was previously demonstrated to not decrease or impede insulin expression (34). Efficiency of the PD-L1 DOX inducible system and ablation of HLA class I surface expression (BKO) was determined by flow cytometry analysis on iP and iP-BKO sBCs from independent differentiation experiments treated with exogenous DOX and/or interferon-γ (IFNg) cytokine (Figures 1F, G). IFNg but not DOX treatment increased HLA class I expression in iP sBCs, while iP-BKO sBCs had essentially no HLA Class I expression in all treatment groups. This data confirms that sBCs upregulate HLA class I when exposed to inflammatory cytokines and complete ablation of HLA class I molecules in iP-BKO sBCs was successful. DOX and IFNg treatments individually increased PD-L1 expression in iP and iP-BKO sBCs. Moreover, combination of both treatments show the highest PD-L1 induction in both iP and iP-BKO sBCs. Taken together, we show quantitative PD-L1 and HLA class I surface expression on sBC with inducible PD-L1 expression in the presence or absence of HLA class I molecules under distinct disease modeling conditions.




Figure 1 | Quantification of HLA class I and PD-L1 expression on stem cell derived beta cells containing inducible PD-L1 expression with or without B2M knock out. (A) Schematic of the PD-L1 inducible system integrated into the AAVS1 locus of human pluripotent stem cells that contain a GFP fluorescence reporter under the control of the endogenous insulin promotor (INS-GFP). Constitutive expression of a puromycin resistance, a luciferase gene and a neomycin resistance gene is driven by the endogenous AAVS1 gene via T2A peptide cleavage sites on either allele, respectively. The transgene cassette also contains a strong CAG promoter driving constitutive expression of the M2rtTA that facilitates DOX inducible expression of PD-L1 under the control of the TRE3G promoter, bicistronicly. (B) Schematic of the CRISPR/Cas9 knock-out (KO) of B2M gene. Two gRNAs directed towards exon 1 and exon 2 of the B2M gene were used resulting in B2M gene KO and inhibition of HLA class I surface expression. (C) Schematic of the 3D suspension based directed differentiation protocol for the generation of stem cell derived beta cells (sBC) from human pluripotent stem cells (hPSC). (D) Bright field and fluorescence images of differentiated sBCs containing an endogenous insulin promoter driven GFP (INS-GFP) reporter. Scale bar represents 200 µm. (E) Representative flow cytometry analysis (left) and associated quantification (right) for beta cell markers cPEP and NKX6.1 of differentiated sBCs. Single positive cPEP and double positive cPEP and NKX6.1 cells are quantified. n = 4 independent experiments employing both iP and iP-BKO cells. (F) Representative HLA-ABC and INS-GFP flow cytometry analysis and associated quantification of differentiated iP sBC- (top row) and iP-BKO sBC- clusters (bottom row) untreated or treated with DOX (2 ug/ml), IFNg (100 ng/ml) or both for 48 hr. Bar plots represent HLA-ABC MFI quantification of INS-GFP+ cells from n = 3 independent differentiation experiments. One-Way ANOVA with multiple comparisons was used to determine significant changes between the groups (n = 3 for iP-BKO). (G) Representative PD-L1 and INS-GFP flow cytometry analysis and associated quantification of differentiated iP sBC- (top row) and iP-BKO sBC- clusters (bottom row) untreated or treated with DOX (2 ug/ml), IFNg (100 ng/ml) or both for 48 hr. Bar plots represent PD-L1 MFI quantification of INS-GFP+ cells of n = 3 independent differentiation experiments. One-Way ANOVA with multiple comparisons was used to determine significant changes between the groups (n=3 for iP-BKO). All error bars represent mean ± s.e.m. * p < 0.05 and ** p < 0.01. ns, Not significant.





In vivo surveillance of transplanted sBCs

To quantify and assess the viability of sBC grafts post-transplantation we utilized the constitutively expressed bioluminescence reporter luciferase (Figure 1A). Luciferase is a well-characterized reporter protein commonly used to monitor and quantify tumor growth or cell populations over time in vivo. When luciferase oxidizes its substrate, luciferin, it results in light emission that can be detected with a camera (42). Prior to transplantation, sBC bioluminescence was confirmed in vitro by incubating sBC clusters at different densities with D-luciferin and detected with an IVIS® Spectrum In Vivo Imaging System. Wells that had no sBCs or were not supplied with D-luciferin did not emit any bioluminescence, as expected (Supplementary Figure 1). Results show that total flux is directly proportional to the number of clusters (Supplementary Figure 1).

The mouse strain NOD-cMHCI-/–A2 was selected for this study because it develops spontaneous autoimmune diabetes and recapitulates human HLA Class I (24). Due to the HLA-A2 match, human sBC grafts should therefore experience autoimmune pressure from immune recognition of islet antigens but not invoke an immediate xenograft response. A limitation of the model is that NOD-cMHCI-/–A2 mice could still develop adaptive immunity toward other human antigens including non-classical HLA molecules. However, immune tolerance strategies by others have been shown to be effective at controlling xenoantigen responses in non-autoimmune beta cell transplant settings (23).

One thousand iP or iP-BKO sBC clusters with or without DOX pretreatment in the culture medium were transplanted under the kidney capsule of NOD-cMHCI-/–A2 mice. Mice in the +DOX group were switched to a DOX infused feed diet four days prior to surgical intervention (Figure 2). The viability of the transplanted sBC grafts under the kidney capsule of mice for experiments was monitored by transdermal bioluminescence for a period of two weeks with IVIS Imaging System (Figure 2). D-luciferin was administered to the mice subcutaneously, then sequential imaging was performed until bioluminescence signal peaked (Figures 3A, B). Animal weight was monitored throughout the study and showed no significant differences between experimental groups (Supplementary Figure 2).




Figure 2 | Timeline of the study. HLA-A2 and BKO sBC clusters were generated with a Tet-On PD-L1 inducible system (iP) and constitutive luciferase expression. PD-L1 is expressed by the sBC clusters in presence of doxycyline (DOX). Four days prior to transplantation, mice were put on a special diet with doxycycline (+) or maintained on standard diet (-). About 1,000 sBC clusters were transplanted to the left kidney capsule of each mouse. Survival of the transplanted sBCs was monitored by transdermal luminescence detection with IVIS. The sBC graft-bearing kidneys were recovered after completion of the 2-week study period for histology. Created with Biorender.com.






Figure 3 | Longitudinal monitoring of the sBC graft by transdermal bioluminescence detection via IVIS. (A, B) Representative images of bioluminescence expression by (A) iP-sBC or (B) iP-BKO sBC graft after transplant on day 1, 3, 7 or 9, and 14. (C, D) Quantification of the total flux measured from mice of both sex in the (C) iP-sBC and (D) iP-BKO sBC experiments. Each sBC group is subdivided by +/- DOX treatment as follows: iP (n=7), iP + DOX (n=8), iP-BKO (n=6) and iP-BKO + DOX (n=7). Two-Way ANOVA, *p < 0.05, **p-value <  0.01 mean ± s.e.m. (E) Kaplan-Meier curve for percentage of mice with detectable bioluminescence signal for all groups.



A two-way ANOVA of the total photon flux detected longitudinally by IVIS showed a statistical difference (p-value <0.05) for mice transplanted with iP sBCs + DOX feed at day 1 and 3 (Figure 3C). The data suggest that sBCs expressing PD-L1 were more resistant to immune rejection in the first 3 days, but that this expression was insufficient for full graft survival. Results from the iP-BKO + DOX sBCs showed a significant improvement in beta cell survival later, at day 9 (Figure 3D). Because the differences in survival with PD-L1 expression at the earlier day 3 timepoint were not seen for BKO sBCs, we speculate that the initial mechanism of immune attack is likely to be predominantly HLA- class I driven. When comparing all iP and iP-BKO sBC, mice transplanted with iP-BKO + DOX had the highest number of animals with detectable bioluminescence at late time points (Figure 3E). Although luciferase signal dropped below detection limits by day 14 for most mice, one mouse from the iP-BKO + DOX group showed detectable transdermal luminescence at day 14 (Supplementary Figure 3). In addition, IVIS scan of the kidney removed ex vivo at day 16 showed surviving sBC clusters.



PD-L1 overexpression and HLA Class I KO improve sBC survival

To further elucidate the effects of PD-L1 overexpression and HLA Class I KO on the survival of the transplanted sBCs we performed detailed immunohistochemistry on the recovered graft-bearing kidneys. Cryosections sections of the graft area were stained for insulin, CD3, CD45, CD4, FOXP3 and PD-L1. After two weeks in vivo, all groups had significant numbers of surviving insulin+ cells in the inner graft region, surrounded by a robust immune infiltration of CD3+ (Figure 4A; Supplementary Figure 4), CD45+ cells (Supplementary Figure 5) and CD4+ (Supplementary Figure 6). Large numbers of CD3+ cells accumulated at the interface between the kidney tissue and the graft site and lower numbers of CD3+ cells were observed in the inner graft zone near sBCs. No qualitative differences were observed in the localization of CD3+ cells between any of the groups. However, some of our histology samples possesses a bright red autofluorescence near the center of the graft, in the same channel we used for CD3 staining. We believe this autofluorescence stems from cellular debris, as it lacks a cellular morphology and can be observed in unstained control slides (Supplementary Figure 7). Mice were found to be experiencing severe insulitis in the pancreas during the same timeframe as the sBC graft experiment, indicating an active autoimmune response to beta cell antigens (Supplementary Figure 8).




Figure 4 | Insulin and PD-L1 expression by sBCs 2-weeks after transplantation. (A) Representative maximum intensity projection (MIP) image of whole graft-bearing kidney tissue section from the iP-sBC +DOX group immunostained for insulin, PD-L1 and CD3. (B, C) Expression and quantification of insulin and PD-L1 by iP and iP + DOX sBCs in inner graft zone. (D, E) Representative images and quantification of CD3+ cells in the outer graft zone of iP and iP + DOX sBCs. (F, G) Expression and quantification of insulin and PD-L1 by iP-BKO and iP-BKO + DOX sBCs in inner graft zone. (H, I) Representative images and quantification of CD3+ cells in the outer graft zone of iP-BKO and iP-BKO +DOX sBCs. The inner and outer graft zone in (A) are indicated with white dashed line and the regions enclosed in yellow dashed line depict location in the graft-bearing kidney from which the high magnification images shown of insulin and PD-L1 (B) or CD3 (D) were taken. n = 8 to 12 immunostained 10 μm thin sections of 2 to 4 recovered graft-bearing kidneys per condition, from which graft was successfully located. Two-tailed Student’s t-test, *p = 0.0394, **p = 0.0023, ***p = 0.0008, ****p < 0.0001, mean ± s.e.m. ns, Not significant.



In the first experiment with transplantation of sBCs expressing HLA-A2, DOX treatment doubled the number of surviving insulin+ cells in the inner graft region with an average of 213 ± 39 and 438 ± 39 insulin+ cells/mm2 ± s.e.m. for iP and iP + DOX, respectively (Figures 4B, C). DOX-inducible expression of PD-L1 was extremely robust with no PD-L1+ cells detected in the graft region for iP and 275 ± 92 PD-L1+ cells/mm2 ± s.e.m for iP + DOX. There was no difference in the number of CD3+ cells between the two groups (Figures 4D, E), indicating that DOX treatment and PD-L1 expression did not alter the number of T cells at the time point examined. A reduction in T cell number is not expected because PD-L1 works by inhibiting T cell activation and does not induce T cell death as its name might suggest (38, 43). In vitro, IFNg treatment induces sBC PD-L1 expression (Figure 1). Thus, the lack of PD-L1 expression in vivo in the absence of DOX suggests lower levels of IFNg in the local immune environment. The number of PD-L1 expressing cells was 60% of the number of insulin-expressing cells, consistent with the PD-L1 expression trends observed in vitro (Figure 1). The HLA-A2 matching in this model likely enabled the partial survival of insulin+/PD-L1- sBCs, while DOX-induced PD-L1 increased the number of surviving cells.

In the second experiment with transplantation of BKO sBCs that lack expression of HLA Class-I, the number of surviving insulin+ cells increased to 412 ± 69 and 631 ± 59 insulin+ cells/mm2 ± s.e.m for iP-BKO and iP-BKO + DOX, respectively (Figures 4F, G). The increased number of insulin+ cells in both groups relative to the first experiment suggests the lack of MHC-I expression may improve sBC survival rates. As before, DOX treatment significantly improved sBC survival and robustly induced PD-L1 expression from 46 ± 25 to 915 ± 57 PD-L1+ cells/mm2 ± s.e.m for iP-BKO and iP-BKO + DOX, respectively. Higher magnification of the graft better demonstrate insulin+ cells co-expressing PD-L1 (Supplementary Figure 9), consistent with the in vitro data (Figure 1). Differently from the first experiment, in the iP-BKO sBCs DOX treatment resulted in a slighter greater number of PD-L1-expressing cells than insulin-expressing cells. There was also a non-zero mean number of PD-L1 expression for the group without DOX. These results suggest a slightly more inflammatory environment (i.e. higher IFNg) in the iP-BKO grafts. The total number of infiltrating CD3+ cells remained the same as the previous experiment and was not significantly different for +/- DOX in either experiment (Figures 4H, I).

To better characterize the protective ability imparted by PD-L1 overexpression on the transplanted sBCs the presence of regulatory T (Tregs) cells was investigated. Activation of PD-1/PD-L1 pathway play an important role in the promotion of Tregs development and peripheral tolerance (Francisco LM et al., 2009; Fanelli G et al., 2021). Qualitative analysis of the processed samples suggests that PD-L1 overexpression by iP + DOX and iP-BKO + DOX samples resulted in a greater number of FOXP3+ cells (Supplementary Figure 6). The FOXP3+ cells were primarily found in the areas where abundant CD4+ cells are present. These finding suggest that the increased survival of sBCs in the iP + DOX and iP-BKO + DOX can be partly attributed to development and recruitment of Tregs at the graft site.

Additionally, in the interest of assessing the surviving sBCs capacity to regulate glycemia, blood glucose was monitored throughout the study and blood serum was collected from some of the mice at the study end point to evaluate human C-peptide levels. Grafted iP-sBCs were unable to reverse hyperglycemia within the period of the study. Human C-peptide ELISA showed detectable human C-peptide in a small number of mice at the study end point, albeit at low levels. We did not add this data to the manuscript as it was not routinely measured at all timepoints or for all mice, as our study was focused on the immune rejection of the sBCs. Moving forward, a different dosage of iP-sBCs would be evaluated to determine the amount required to have a significant effect on blood glucose in this model.




Discussion

This study focused on transplantation of stem cell-derived beta-like cells in a mouse model with spontaneous diabetes and matching human HLA class I-A2. To our knowledge this is the first time a study demonstrates robust recruitment of T-cells at the graft site concurrent with substantial autoimmune insulitis in the pancreas in a pseudo-allogenic human/mouse model. Immunohistochemistry showed substantial insulitis in the mouse pancreas indicating a background of strong islet-directed autoimmunity. Diabetogenic CD8+ T cells from NOD-cMHCI-/–A2 mice can target and kill human beta cells from A2 islet donors in an antigen-specific manner (24). We utilized HLA-A2 sBCs with a Tet-On system to tightly control PD-L1 expression in vivo with DOX treatment. Inducible expression of PD-L1 improved the survival of sBCs in the immunocompetent HLA-A2 NOD mice. Additionally, we showed that knockout of HLA Class I by disrupting B2M further improved survival of the sBC grafts and was further enhanced by PD-L1 expression.

sBCs carry tremendous potential as an abundant source of functional beta cells for cell replacement therapy. Ongoing and planned clinical trials using stem cell derived pancreatic cells rely on cell encapsulation and/or systematic immune suppression, both of which have their own sets of challenges. Immediate and sustained local immune suppression could provide distinct advantages for current cell therapy efforts. Thus, it is important to explore approaches that can provide localized protection to sBC grafts in vivo. However, despite great research efforts focused on developing and utilizing in vivo models for testing critical aspects of sBC cell therapy, humanized models that accurately recapitulate autoreactive TCR-HLA immune-/beta cell- interactions in vivo are largely absent. In contrast, our approach allows us to investigate the immunosuppressive capacity of modifications to sBCs such as surface expression of PD-L1 in a human TCR-peptide-HLA dependent manner in vivo, as shown here. We anticipate that our proposed experiments represent a critical first, but absolutely necessary, step towards interrogating immune-beta cell interactions in an autologous and autoimmune manner, directly providing key advancements beyond previous studies that enabled allo- or xenogenic immune investigations only.

Development of mouse models with human immune cell engraftment, often referred to as humanized mice or human immune system mice, have been a major component of testing strategies for human sBC pseudo islet tolerance. Humanized mice usually involve a severely immunodeficient host, for example the NSG (NOD scid gamma mouse) that has been reconstituted with allogenic human immune cells. Humanized mouse models allow for the in vivo study of T cell modular immune therapeutics, but also have several limitations (44) for their utility to simulate human insulitis and T1D. NSG mice develop graft versus host disease when reconstituted with a human immune system through recognition of the mouse xenoantigens by the transferred human immune cells (45). This race against development of graft versus host diseases imposes an artificial time limit on the experiment duration, although this limitation can be ameliorated though the use of MHC-I/II knockout NSG mice (46). Humanized mice used for islet transplantation also examine mechanisms of allo-rejection and these models do not have an autoimmune component with the exception of a few examples where immune cells were transferred from patients with T1D (47) or represented a T cell clone with an islet-specific TCR (48, 49). Clinical human islet replacement therapy is challenged by both concurrent autoimmune and alloimmune rejection. Humanized mouse models typically ignore autoimmunity as a variable in transplant tolerance studies. Instead, diabetes is usually induced in these animals through streptozotocin (STZ) injection and only allo-immunity is studied (50). This is a problem for clinical translation because tolerance strategies that successfully induce allo-tolerance do not provide clear information on feasibility for inducing autoimmune tolerance.

A further limitation of humanized mice is that the adoptively transferred human immune cells do not traffic effectively to the islet graft site. Thus, transplanted islets must be injected directly into the spleen to increase encounters with T cells (51–53). Our approach makes steps to address this key challenge in the field by demonstrating robust T cell trafficking to the graft and enabling the use of the kidney capsule as a viable transplant site for studies of human sBC tolerance.

Our data show that PD-L1 overexpression by the engineered sBCs reduced the severity of immune rejection in the first 3 days for HLA-A2 expressing sBCs. In BKO sBCs, PD-L1 overexpression differentially affected the graft survival later, at day 9. One mouse in the iP-BKO + DOX group showed surviving human cells detectable by IVIS at day 14. Histological examination revealed significant numbers of surviving insulin+ and PD-L1+ sBC cells despite extensive infiltration by CD3+, CD4+ and CD45+ cells. The timing of rejection and extensive graft site immune infiltration suggests that immune responses compromised the sBC grafts at early time points but that significant numbers of insulin and PD-L1 expressing cells managed to survive in this immunological environment. Expression of PD-L1 in vivo was tightly controlled by DOX and significantly improved sBC survival as measured by IVIS and histology. However, others were more successful with human islet-like organoids (HILOs) modified to overexpress PD-L1 and prevented xeno-rejection for 50 days in immunocompetent mice (23). Nevertheless this strategy has yet to be tested in a model with islet-directed autoimmunity. Our data suggest that PD-L1 alone may not be sufficient to prevent rejection in a setting with spontaneous autoimmunity.

In our model, deletion of HLA Class-I resulted in approximately twice as many remaining sBC over HLA-A2 expressing sBC for both +/- DOX groups, suggesting that MHC-I knockout is a valid strategy for improved autoimmune tolerance in beta cell replacement therapy. However, it remains that even with HLA Class I KO and PD-L1 overexpression sBCs are unable to fully evade the immune system in this model combining autoreactive T-cells and subsequent xenoresponse. Our results are complementary to other studies showing that MHC-I knockout prolongs survival of syngeneic and allogenic mouse islets when transplanted into diabetic NOD mice (54–56). Additionally, others have shown with more success that selective retention of HLA-A2 but knockdown of other HLA Class IA molecules was able to promote beta cell graft survival for up to 8 weeks from transferred allogenic but HLA-A2 matched human PBMCs (13). In T1D, beta cells under an inflammatory environment upregulate expression of HLA molecules, becoming more sensitive to targeted immune cytotoxicity (57). We saw this same HLA class I upregulation in sBCs treated with inflammatory cytokines but not in the BKO variant. Others have demonstrated that ablation of the B2M gene and deletion of HLA Class I molecules of hPSCs make them susceptible to natural killer (NK) cells cytotoxicity (58–60). To circumvent this obstacle some have explored retention of the non-classical HLA Class Ib molecules, HLA-E and HLA-G, in combination with deletion of HLA Class Ia molecules (53, 60, 61). Additionally, co-expression of HLA Class Ib molecules with CD47 and/or PD-L1 have shown to further improve hPSC survival in humanized mice models (62–64). Nevertheless, transplantation of cells that are HLA Class I deficient have slower lysis kinetics relative to unmodified cells during T-cell directed immunity (54, 56) or allogenic rejection (56, 62).

One limitation of our study is the inability to fully distinguish autoimmune from allo- and xeno- rejection. However, the timeframe of the sBC survival in our model suggests that the HLA-A2 matching reduced or eliminated immediate xeno-rejection. Many sBCs cells survived for at least two weeks in our model. Others have shown that xenotransplantation of stem cell derived human beta cells into immune competent mice are fully rejected (no surviving beta cells) within one week (23). Allotransplantation of murine pancreatic islets into non-chemically induced diabetic mice with mis-matched MHC Class I also reject by 4-10 days (56, 65–69). In overtly diabetic NOD mice, syngeneic NOD islet grafts in the kidney capsule take longer to reject, approximately 8-12 days (54, 70–72). In our study, sBC clusters did not reject until days 7-14 and many viable beta cells still remained at the end of the study. The HLA Class I was matched and pre-existent islet reactive T cells were present, as demonstrated by immunohistochemistry showing substantial insulitis in the endogenous mouse pancreas. Thus, the timing of rejection in our study is more in line with other studies of autoimmunity against islet grafts than the studies of allo- or xeno-islet graft rejection.

A second limitation of our study is that, because the sBC grafts were faced with strong immune challenge immediately upon transplantation, they did not have time to engraft and mature, a process that can take several weeks. Reliable engraftment of sBCs that corrects and maintains glycemia in the face of immune challenge is critical for translation of islet replacement tolerance strategies. We did not use any systemic immune suppression such as rapamycin in our studies, which is an immunosuppressive drug that inhibits cytokine production and arrests T- cell proliferation (73, 74). This drug is used in islet allo-transplantation procedures since the development of the Edmonton protocol in 1999 (75). Short-term administration of rapamycin in allogeneic islet transplantation can protect islets from early rejection and improve later tolerance outcomes even after withdrawal of rapamycin (19–22).

In future studies, we suggest that iP and iP-BKO sBCs be first transplanted into immune deficient NSG-HLA-A2 mice and allowed sufficient time to engraft and mature, followed by adoptive transfer of T cells from diabetic NOD-cMHCI-/–A2. Because we have shown the T cells from NOD-cMHCI-/–A2 will properly traffic to grafted islets in the kidney capsule, the timing of rejection and local graft inflammation can be controlled. Such further investigation will also allow us to control the immune cell subsets participating in the rejection and test sBC and tolerance therapy dosing. In summary, our study explores critical new directions to investigate if factors such as PD-L1, HLA-I knockout, and other negative regulators of immunity can provide localized immune protection to sBC grafts in the context of islet-directed autoimmunity. Success of such a strategy for inducing local tolerance to islet grafts would further advance the availability of beta cell replacement therapy for clinical use in individuals with autoimmune diabetes without the need for systemic immune suppression.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Ethics statement

The animal study was reviewed and approved by University of Florida Animal Care and Use Committee.



Author contributions

JS-G, RC-G, HR and EP conceived and designed the study, analyzed and interpreted the results and wrote the manuscript. HR and RC-G generated the iP and iP-BKO sBC. JS-G, MB and EP carried out the animal surgery and post-operative care. CR conducted diabetic animal husbandry and oversaw breeding of transgenic mice. JS-G performed the bioluminescence imaging and histological analysis. JS-G and EP performed image quantification and analysis. All authors discussed the results and commented on the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Juvenile Diabetes Research Foundation (JDRF) Agreement Award 2-SRA-2019-781-S-B (EP, HR) and NIH grant R01DK132387 (EP, HR).Work in the laboratory of H.A.R. is supported by the Children`s Diabetes Foundation, NIH grants R01DK120444, a new investigator award by NIDDK-supported Human Islet Research Network (HIRN, RRID : SCR_014393; https://hirnetwork.org; UC24 DK104162), the Culshaw Junior Investigator Award in Diabetes, a CU Grubstake award and the JDRF. This work was partially support by NIH/NIDDK grant P30-DK116073 for the University of Colorado Diabetes Research Center.



Acknowledgments

The authors would like to acknowledge the University of Florida Molecular Pathology Core, RRID : SCR_016601 for processing the frozen tissue blocks and Dr. Dave Serreze at The Jackson Lab for providing breeding pairs of NOD-cMHCI-/–A2 mice to initiate the study.



Conflict of interest

HR is or has been a consultant and islets SAB member to Sigilon therapeutics, a SAB member at Prellis Biologics and consultant to Eli Lilly and Minutia.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2022.989815/full#supplementary-material



References

1. Campbell-Thompson, M, Fu, A, Kaddis, JS, Wasserfall, C, Schatz, DA, Pugliese, A, et al. Insulitis and beta-cell mass in the natural history of type 1 diabetes. Diabetes (2016) 65(3):719–31. doi: 10.2337/db15-0779

2. Martin-Pagola, A, Sisino, G, Allende, G, Dominguez-Bendala, J, Gianani, R, Reijonen, H, et al. Insulin protein and proliferation in ductal cells in the transplanted pancreas of patients with type 1 diabetes and recurrence of autoimmunity. Diabetologia (2008) 51(10):1803–13. doi: 10.1007/s00125-008-1105-x

3. Ryan, EA, Lakey, JR, Paty, BW, Imes, S, Korbutt, GS, Kneteman, NM, et al. Successful islet transplantation: continued insulin reserve provides long-term glycemic control. Diabetes (2002) 51(7):2148–57. doi: 10.2337/diabetes.51.7.2148

4. Ryan, EA, Paty, BW, Senior, PA, Bigam, D, Alfadhli, E, Kneteman, NM, et al. Five-year follow-up after clinical islet transplantation. Diabetes (2005) 54(7):2060–9. doi: 10.2337/diabetes.54.7.2060

5. Russ, HA, Parent, AV, Ringler, JJ, Hennings, TG, Nair, GG, Shveygert, M, et al. Controlled induction of human pancreatic progenitors produces functional beta-like cells in vitro. EMBO J (2015) 34(13):1759–72. doi: 10.15252/embj.201591058

6. Pagliuca, FW, Millman, JR, Gurtler, M, Segel, M, Van Dervort, A, Ryu, JH, et al. Generation of functional human pancreatic beta cells in vitro. Cell (2014) 159(2):428–39. doi: 10.1016/j.cell.2014.09.040

7. Rezania, A, Bruin, JE, Arora, P, Rubin, A, Batushansky, I, Asadi, A, et al. Reversal of diabetes with insulin-producing cells derived in vitro from human pluripotent stem cells. Nat Biotechnol (2014) 32(11):1121–33. doi: 10.1038/nbt.3033

8. Nair, GG, Liu, JS, Russ, HA, Tran, S, Saxton, MS, Chen, R, et al. Recapitulating endocrine cell clustering in culture promotes maturation of human stem-cell-derived beta cells. Nat Cell Biol (2019) 21(2):263–74. doi: 10.1038/s41556-018-0271-4

9. Shapiro, AMJ, Thompson, D, Donner, TW, Bellin, MD, Hsueh, W, Pettus, J, et al. Insulin expression and c-peptide in type 1 diabetes subjects implanted with stem cell-derived pancreatic endoderm cells in an encapsulation device. Cell Rep Med (2021) 2(12):100466. doi: 10.1016/j.xcrm.2021.100466

10. Ramzy, A, Thompson, DM, Ward-Hartstonge, KA, Ivison, S, Cook, L, Garcia, RV, et al. Implanted pluripotent stem-cell-derived pancreatic endoderm cells secrete glucose-responsive c-peptide in patients with type 1 diabetes. Cell Stem Cell (2021) 28(12):2047–61.e5. doi: 10.1016/j.stem.2021.10.003

11.Vertex provides updates on phase 1/2 clinical trial of VX-880 for the treatment of type 1 diabetes: Vertex pharmaceuticals incorporated (2022). Available at: https://news.vrtx.com/press-release/vertex-provides-updates-phase-12-clinical-trial-vx-880-treatment-type-1-diabetes.

12. Weber, LM, and Anseth, KS. Hydrogel encapsulation environments functionalized with extracellular matrix interactions increase islet insulin secretion. Matrix Biol (2008) 27(8):667–73. doi: 10.1016/j.matbio.2008.08.001

13. Yang, J, Jiang, S, Guan, Y, Deng, J, Lou, S, Feng, D, et al. Pancreatic islet surface engineering with a starPEG-chondroitin sulfate nanocoating. Biomater Sci (2019) 7(6):2308–16. doi: 10.1039/C9BM00061E

14. Llacua, A, de Haan, BJ, Smink, SA, and de Vos, P. Extracellular matrix components supporting human islet function in alginate-based immunoprotective microcapsules for treatment of diabetes. J BioMed Mater Res A (2016) 104(7):1788–96. doi: 10.1002/jbm.a.35706

15. Leal-Lopes, C, Grazioli, G, Mares-Guia, TR, Coelho-Sampaio, T, and Sogayar, MC. Polymerized laminin incorporation into alginate-based microcapsules reduces pericapsular overgrowth and inflammation. J Tissue Eng Regener M (2019) 13(10):1912–22. doi: 10.1002/term.2942

16. Weber, LM, Hayda, KN, Haskins, K, and Anseth, KS. The effects of cell-matrix interactions on encapsulated beta-cell function within hydrogels functionalized with matrix-derived adhesive peptides. Biomaterials (2007) 28(19):3004–11. doi: 10.1016/j.biomaterials.2007.03.005

17. Abuid, NJ, Gattas-Asfura, KM, Schofield, EA, and Stabler, CL. Layer-by-Layer cerium oxide nanoparticle coating for antioxidant protection of encapsulated beta cells. Adv Healthc Mater (2019) 8(12):e1801493. doi: 10.1002/adhm.201801493

18. Vaithilingam, V, Bal, S, and Tuch, BE. Encapsulated islet transplantation: Where do we stand? Rev Diabetes Stud (2017) 14(1):51–78. doi: 10.1900/RDS.2017.14.51

19. Batra, L, Shrestha, P, Yolcu, ES, Zhao, H, Bowen, WS, Woodward, KB, et al. The transient display of a chimeric PD-L1 protein on pancreatic islets promotes indefinite survival in allogeneic recipients. Transplantation (2018) 102:S455. doi: 10.1097/01.tp.0000543248.46167.ff

20. Headen, DM, Woodward, KB, Coronel, MM, Shrestha, P, Weaver, JD, Zhao, H, et al. Local immunomodulation with fas ligand-engineered biomaterials achieves allogeneic islet graft acceptance. Nat Mater (2018) 17(8):732–9. doi: 10.1038/s41563-018-0099-0

21. Coronel, MM, Martin, KE, Hunckler, MD, Barber, G, O’Neill, EB, Medina, JD, et al. Immunotherapy via PD-L1–presenting biomaterials leads to long-term islet graft survival. Sci Adv (2020) 6(35):eaba5573. doi: 10.1126/sciadv.aba5573

22. Lei, J, Coronel, MM, Yolcu, ES, Deng, H, Grimany-Nuno, O, Hunckler, MD, et al. FasL microgels induce immune acceptance of islet allografts in nonhuman primates. Sci Adv (2022) 8(19):eabm9881. doi: 10.1126/sciadv.abm9881

23. Yoshihara, E, O'Connor, C, Gasser, E, Wei, Z, Oh, TG, Tseng, TW, et al. Immune-evasive human islet-like organoids ameliorate diabetes. Nature (2020) 586(7830):606–11. doi: 10.1038/s41586-020-2631-z

24. Racine, JJ, Stewart, I, Ratiu, J, Christianson, G, Lowell, E, Helm, K, et al. Improved murine MHC-deficient HLA transgenic NOD mouse models for type 1 diabetes therapy development. Diabetes (2018) 67(5):923–35. doi: 10.2337/db17-1467

25. Takaki, T, Marron, MP, Mathews, CE, Guttmann, ST, Bottino, R, Trucco, M, et al. HLA-A*0201-restricted T cells from humanized NOD mice recognize autoantigens of potential clinical relevance to type 1 diabetes. J Immunol (2006) 176(5):3257–65. doi: 10.4049/jimmunol.176.5.3257

26. Jarchum, I, Baker, JC, Yamada, T, Takaki, T, Marron, MP, Serreze, DV, et al. In vivo cytotoxicity of insulin-specific CD8+ T-cells in HLA-A*0201 transgenic NOD mice. Diabetes (2007) 56(10):2551–60. doi: 10.2337/db07-0332

27. Jarchum, I, and DiLorenzo, TP. Ins2 deficiency augments spontaneous HLA-A*0201-restricted T cell responses to insulin. J Immunol (2010) 184(2):658–65. doi: 10.4049/jimmunol.0903414

28. Jarchum, I, Nichol, L, Trucco, M, Santamaria, P, and DiLorenzo, TP. Identification of novel IGRP epitopes targeted in type 1 diabetes patients. Clin Immunol (2008) 127(3):359–65. doi: 10.1016/j.clim.2008.01.015

29. Mallone, R, Martinuzzi, E, Blancou, P, Novelli, G, Afonso, G, Dolz, M, et al. CD8+ T-cell responses identify beta-cell autoimmunity in human type 1 diabetes. Diabetes (2007) 56(3):613–21. doi: 10.2337/db06-1419

30. Unger, WW, Pinkse, GG, Mulder-van der Kracht, S, van der Slik, AR, Kester, MG, Ossendorp, F, et al. Human clonal CD8 autoreactivity to an IGRP islet epitope shared between mice and men. Ann N Y Acad Sci (2007) 1103:192–5. doi: 10.1196/annals.1394.024

31. Li, Y, Zhou, L, Li, Y, Zhang, J, Guo, B, Meng, G, et al. Identification of autoreactive CD8+ T cell responses targeting chromogranin a in humanized NOD mice and type 1 diabetes patients. Clin Immunol (2015) 159(1):63–71. doi: 10.1016/j.clim.2015.04.017

32. Ouyang, Q, Standifer, NE, Qin, H, Gottlieb, P, Verchere, CB, Nepom, GT, et al. Recognition of HLA class I-restricted beta-cell epitopes in type 1 diabetes. Diabetes (2006) 55(11):3068–74. doi: 10.2337/db06-0065

33. Pinkse, GG, Tysma, OH, Bergen, CA, Kester, MG, Ossendorp, F, van Veelen, PA, et al. Autoreactive CD8 T cells associated with beta cell destruction in type 1 diabetes. Proc Natl Acad Sci USA (2005) 102(51):18425–30. doi: 10.1073/pnas.0508621102

34. Castro-Gutierrez, R, Alkanani, A, Mathews, CE, Michels, A, and Russ, HA. Protecting stem cell derived pancreatic beta-like cells from diabetogenic T cell recognition. Front Endocrinol (Lausanne) (2021) 12:707881. doi: 10.3389/fendo.2021.707881

35. Micallef, SJ, Li, X, Schiesser, JV, Hirst, CE, Yu, QC, Lim, SM, et al. INSGFP/w human embryonic stem cells facilitate isolation of in vitro derived insulin-producing cells. Diabetologia (2012) 55(3):694–706. doi: 10.1007/s00125-011-2379-y

36. Szot, GL, Koudria, P, and Bluestone, JA. Transplantation of pancreatic islets into the kidney capsule of diabetic mice. J Vis Exp (2007) 9):404. doi: 10.3791/404

37. Schmidt, U, Weigert, M, Broaddus, C, and Myers, G. (2018). Cell detection with star-convex polygons, In Medical Image Computing and Computer Assisted Intervention – MICCAI 2018, Granada, Spain: Springer International Publishing.

38. Sun, C, Mezzadra, R, and Schumacher, TN. Regulation and function of the PD-L1 checkpoint. Immunity (2018) 48(3):434–52. doi: 10.1016/j.immuni.2018.03.014

39. Fife, BT, Pauken, KE, Eagar, TN, Obu, T, Wu, J, Tang, Q, et al. Interactions between PD-1 and PD-L1 promote tolerance by blocking the TCR-induced stop signal. Nat Immunol (2009) 10(11):1185–92. doi: 10.1038/ni.1790

40. Marchand, L, Thivolet, A, Dalle, S, Chikh, K, Reffet, S, Vouillarmet, J, et al. Diabetes mellitus induced by PD-1 and PD-L1 inhibitors: description of pancreatic endocrine and exocrine phenotype. Acta Diabetol (2019) 56(4):441–8. doi: 10.1007/s00592-018-1234-8

41. Akturk, HK, and Michels, AW. Adverse events associated with immune checkpoint blockade. N Engl J Med (2018) 378(12):1163–4. doi: 10.1001/jama.2018.22119

42. Inoue, Y, Kiryu, S, Watanabe, M, Tojo, A, and Ohtomo, K. Timing of imaging after d-luciferin injection affects the longitudinal assessment of tumor growth using in vivo bioluminescence imaging. Int J BioMed Imaging (2010) 2010:471408. doi: 10.1155/2010/471408

43. Han, Y, Liu, D, and Li, L. PD-1/PD-L1 pathway: Current researches in cancer. Am J Cancer Res (2020) 10(3):727–42.

44. Shultz, LD, Brehm, MA, Garcia-Martinez, JV, and Greiner, DL. Humanized mice for immune system investigation: progress, promise and challenges. Nat Rev Immunol (2012) 12(11):786–98. doi: 10.1038/nri3311

45. Gress, RE, Nathenson, SG, and Lucas, PJ. Fine specificity of xenogeneic antigen recognition by human T cells. Transplantation (1989) 48(1):93–8. doi: 10.1097/00007890-198907000-00022

46. Brehm, MA, Kenney, LL, Wiles, MV, Low, BE, Tisch, RM, Burzenski, L, et al. Lack of acute xenogeneic graft- versus-host disease, but retention of T-cell function following engraftment of human peripheral blood mononuclear cells in NSG mice deficient in MHC class I and II expression. FASEB J (2019) 33(3):3137–51. doi: 10.1096/fj.201800636R

47. Whitfield-Larry, F, Young, EF, Talmage, G, Fudge, E, Azam, A, Patel, S, et al. HLA-A2-matched peripheral blood mononuclear cells from type 1 diabetic patients, but not nondiabetic donors, transfer insulitis to NOD-scid/gammac(null)/HLA-A2 transgenic mice concurrent with the expansion of islet-specific CD8+ T cells. Diabetes (2011) 60(6):1726–33. doi: 10.2337/db10-1287

48. Tan, S, Li, Y, Xia, J, Jin, CH, Hu, Z, Duinkerken, G, et al. Type 1 diabetes induction in humanized mice. Proc Natl Acad Sci USA (2017) 114(41):10954–9. doi: 10.1073/pnas.1710415114

49. Unger, WW, Pearson, T, Abreu, JR, Laban, S, van der Slik, AR, der Kracht, SM, et al. Islet-specific CTL cloned from a type 1 diabetes patient cause beta-cell destruction after engraftment into HLA-A2 transgenic NOD/scid/IL2RG null mice. PloS One (2012) 7(11):e49213. doi: 10.1371/journal.pone.0049213

50. Burrack, AL, Martinov, T, and Fife, BT. T Cell-mediated beta cell destruction: Autoimmunity and alloimmunity in the context of type 1 diabetes. Front Endocrinol (Lausanne) (2017) 8:343. doi: 10.3389/fendo.2017.00343

51. King, M, Pearson, T, Shultz, LD, Leif, J, Bottino, R, Trucco, M, et al. A new hu-PBL model for the study of human islet alloreactivity based on NOD-scid mice bearing a targeted mutation in the IL-2 receptor gamma chain gene. Clin Immunol (2008) 126(3):303–14. doi: 10.1016/j.clim.2007.11.001

52. Muller, YD, Ferreira, LMR, Ronin, E, Ho, P, Nguyen, V, Faleo, G, et al. Precision engineering of an anti-HLA-A2 chimeric antigen receptor in regulatory T cells for transplant immune tolerance. Front Immunol (2021) 12:686439. doi: 10.3389/fimmu.2021.686439

53. Parent, AV, Faleo, G, Chavez, J, Saxton, M, Berrios, DI, Kerper, NR, et al. Selective deletion of human leukocyte antigens protects stem cell-derived islets from immune rejection. Cell Rep (2021) 36(7):109538. doi: 10.1016/j.celrep.2021.109538

54. Prange, S, Zucker, P, Jevnikar, AM, and Singh, B. Transplanted MHC class I-deficient nonobese diabetic mouse islets are protected from autoimmune injury in diabetic nonobese recipients. Transplantation (2001) 71(7):982–5. doi: 10.1097/00007890-200104150-00025

55. Osorio, RW, Ascher, NL, Jaenisch, R, Freise, CE, Roberts, JP, and Stock, PG. Major histocompatibility complex class I deficiency prolongs islet allograft survival. Diabetes (1993) 42(10):1520–7. doi: 10.2337/diab.42.10.1520

56. Markmann, JF, Bassiri, H, Desai, NM, Odorico, JS, Kim, JI, Koller, BH, et al. Indefinite survival of MHC class I-deficient murine pancreatic islet allografts. Transplantation (1992) 54(6):1085–9. doi: 10.1097/00007890-199212000-00025

57. Gonzalez-Duque, S, Azoury, ME, Colli, ML, Afonso, G, Turatsinze, JV, Nigi, L, et al. Conventional and neo-antigenic peptides presented by beta cells are targeted by circulating naive CD8+ T cells in type 1 diabetic and healthy donors. Cell Metab (2018) 28(6):946–60 e6. doi: 10.1016/j.cmet.2018.07.007

58. Wang, D, Quan, Y, Yan, Q, Morales, JE, and Wetsel, RA. Targeted disruption of the beta2-microglobulin gene minimizes the immunogenicity of human embryonic stem cells. Stem Cells Transl Med (2015) 4(10):1234–45. doi: 10.5966/sctm.2015-0049

59. Xu, H, Wang, B, Ono, M, Kagita, A, Fujii, K, Sasakawa, N, et al. Targeted disruption of HLA genes via CRISPR-Cas9 generates iPSCs with enhanced immune compatibility. Cell Stem Cell (2019) 24(4):566–78 e7. doi: 10.1016/j.stem.2019.02.005

60. Shi, L, Li, W, Liu, Y, Chen, Z, Hui, Y, Hao, P, et al. Generation of hypoimmunogenic human pluripotent stem cells via expression of membrane-bound and secreted beta2m-HLA-G fusion proteins. Stem Cells (2020) 38(11):1423–37. doi: 10.1002/stem.3269

61. Gornalusse, GG, Hirata, RK, Funk, SE, Riolobos, L, Lopes, VS, Manske, G, et al. HLA-e-expressing pluripotent stem cells escape allogeneic responses and lysis by NK cells. Nat Biotechnol (2017) 35(8):765–72. doi: 10.1038/nbt.3860

62. Deuse, T, Hu, X, Gravina, A, Wang, D, Tediashvili, G, De, C, et al. Hypoimmunogenic derivatives of induced pluripotent stem cells evade immune rejection in fully immunocompetent allogeneic recipients. Nat Biotechnol (2019) 37(3):252–8. doi: 10.1038/s41587-019-0016-3

63. Deuse, T, Hu, X, Agbor-Enoh, S, Jang, MK, Alawi, M, Saygi, C, et al. The SIRPalpha-CD47 immune checkpoint in NK cells. J Exp Med (2021) 218(3):e20200839. doi: 10.1084/jem.20200839

64. Han, X, Wang, M, Duan, S, Franco, PJ, Kenty, JH, Hedrick, P, et al. Generation of hypoimmunogenic human pluripotent stem cells. Proc Natl Acad Sci U.S.A. (2019) 116(21):10441–6. doi: 10.1073/pnas.1902566116

65. Bhagchandani, P, Chang, CA, Zhao, W, Ghila, L, Herrera, PL, Chera, S, et al. Islet cell replacement and transplantation immunology in a mouse strain with inducible diabetes. Sci Rep (2022) 12(1):9033. doi: 10.1038/s41598-022-13087-3

66. Demirci, G, Strom, TB, and Li, XC. Islet allograft rejection in nonobese diabetic mice involves the common gamma-chain and CD28/CD154-dependent and -independent mechanisms. J Immunol (2003) 171(7):3878–85. doi: 10.4049/jimmunol.171.7.3878

67. Berney, T, Pileggi, A, Molano, RD, Poggioli, R, Zahr, E, Ricordi, C, et al. The effect of simultaneous CD154 and LFA-1 blockade on the survival of allogeneic islet grafts in nonobese diabetic mice. Transplantation (2003) 76(12):1669–74. doi: 10.1097/01.TP.0000092525.17025.D0

68. Deng, R, Khattar, M, Xie, A, Schroder, PM, He, X, Chen, W, et al. Anti-TCR mAb induces peripheral tolerance to alloantigens and delays islet allograft rejection in autoimmune diabetic NOD mice. Transplantation (2014) 97(12):1216–24. doi: 10.1097/TP.0000000000000120

69. Molano, RD, Pileggi, A, Berney, T, Poggioli, R, Zahr, E, Oliver, R, et al. Prolonged islet allograft survival in diabetic NOD mice by targeting CD45RB and CD154. Diabetes (2003) 52(4):957–64. doi: 10.2337/diabetes.52.4.957

70. Molano, RD, Berney, T, Li, H, Cattan, P, Pileggi, A, Vizzardelli, C, et al. Prolonged islet graft survival in NOD mice by blockade of the CD40-CD154 pathway of T-cell costimulation. Diabetes (2001) 50(2):270–6. doi: 10.2337/diabetes.50.2.270

71. Huang, SH, Lin, GJ, Chien, MW, Chu, CH, Yu, JC, Chen, TW, et al. Adverse effect on syngeneic islet transplantation by transgenic coexpression of decoy receptor 3 and heme oxygenase-1 in the islet of NOD mice. Transplant Proc (2013) 45(2):580–4. doi: 10.1016/j.transproceed.2012.02.032

72. Zhang, YC, Pileggi, A, Agarwal, A, Molano, RD, Powers, M, Brusko, T, et al. Adeno-associated virus-mediated IL-10 gene therapy inhibits diabetes recurrence in syngeneic islet cell transplantation of NOD mice. Diabetes (2003) 52(3):708–16. doi: 10.2337/diabetes.52.3.708

73. Sehgal, SN. Rapamune (Sirolimus, rapamycin): an overview and mechanism of action. Ther Drug Monit (1995) 17(6):660–5. doi: 10.1097/00007691-199512000-00019

74. Saunders, RN, Metcalfe, MS, and Nicholson, ML. Rapamycin in transplantation: a review of the evidence. Kidney Int (2001) 59(1):3–16. doi: 10.1046/j.1523-1755.2001.00460.x

75. Shapiro, AM, Lakey, JR, Ryan, EA, Korbutt, GS, Toth, E, Warnock, GL, et al. Islet transplantation in seven patients with type 1 diabetes mellitus using a glucocorticoid-free immunosuppressive regimen. N Engl J Med (2000) 343(4):230–8. doi: 10.1056/NEJM200007273430401



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Santini-González, Castro-Gutierrez, Becker, Rancourt, Russ and Phelps. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-13-989815-g004.jpg
Insulin

-
o
o
o

N

iP + Dox

cD3*cells / mm?2

~

~ £
= €
= ey
~ o
E g
8 +_
*p =
= a
o

iP-BKO + Dox

PD-L1"cells / mm?
cD3%cells / mm 2






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Human stem cell derived beta-like cells engineered to present PD-L1 improve transplant survival in NOD mice carrying human HLA class I

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            hPSC culture and differentiation of stem cell derived beta-like cells

          



          		

            Flow cytometry

          



          		

            CRISPR-Cas9 and TALEN mediated genome engineering

          



          		

            Autoimmune diabetes model

          



          		

            In vitro bioluminescence by sBCs

          



          		

            Longitudinal monitoring of the sBCs grafts by transdermal bioluminescence

          



          		

            Immunohistochemistry

          



          		

            Antibodies

          



          		

            Analysis of the histochemical data

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Characterization of sBCs with inducible PD-L1 system and HLA class I KO

          



          		

            In vivo surveillance of transplanted sBCs

          



          		

            PD-L1 overexpression and HLA Class I KO improve sBC survival

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo.2022.989815_cover.jpg
’ frontiers | Frontiers in Endocrinology

Human stem cell derived beta-
like cells engineered to present
PD-L1 improve transplant
survival in NOD mice carrying
human HLA class |





OEBPS/Images/fendo-13-989815-g002.jpg
\ L |
NOD-cMHCI/-A2 strain
Jax Stock No: 031856

Pre-Transplant

4 days - DOX feed (-/+)

P

' ~1,000 iP or iP-

BKO sBC clusters

Day 1

sBCs in the kidneI capsule

In Vivo Imaging System (IVIS)

Day3 Day7-9 Day14

S MM |

Day 15-16

Recovery of the
transplant





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/M1.jpg
T = Tote: M ot Kicogy

(poseing o 1L Ky )

ROT area of background,





OEBPS/Images/fendo-13-989815-g003.jpg
iP

iP + DOX

o

Corrected Total Flux (p/s)

B
@]
<
. o
a
x
o
0 =]
7
e]
<
o
a
D E
108+ 108+ =
- g
* i & * ©100
= o8 5 k=
107+ %107 =
&+ T - Ed o 80
E w
E = y o 1
1001 % T S T i 8 60
= 8 A
Ea 3 b= 8 40
105+ @ 105 % £
S o = = s 20
o @
104 T T T T 104 T T T T E 0 T T T T T 11
Day 1 Day 3 Day 7-9 Day 14 Day 1 Day 3 Day 9 Day 14 < 2 4 6 8 10 12 14 16
iP iP + DOX iP-BKO iP-BKO + DOX . Days elap§ed
iP - iP + DOX
-4 iP-BKO

iP-BKO + DOX





OEBPS/Images/fendo-13-989815-g001.jpg
A B
Inducible PD-L1 integration in hPSC INS-GFP (iP) CRISPR/Cas9 KO of B2M in iP hPSC (iP-BKO)

TRE3G gRNA1

s {HA] T2A JPuroR] P2A | Luc [PD-L1|@mm{HA}- 3 5B |

TALEN-mediated
.. gene recombination e 5 Ex1 Ex3| Ex4 3
v ) i GRNA 2
AAVST
locus ., s
5B _ ¢ hPSC f
INS-GFP 0L hPSC sBCs
il CAG ( 3 — — — —> —
5 {HA] T2A ] NeoR e {M2rtTA[HA} & n @ '
iPor 3D spheroid Beta cell directed
iP-BKO culture system differentiation
. . E
Brlt field - - .50
R < . o
X ) © 40 e 01 40
1 i N
< o 30 L30
» - L &
8 < Q520 gzo
? § 10 £ 10
zZ . p=4
4 6 8 0 0
0 10 10 10
sBC sBC
cPEP-AF4388
F
Untreated DOX IFNg INFg+DOX gated on INS-GFP
E P 8.26 10°T635 301 Lid
[72) : b
(& 1
m v |
]
o i
3 m
| ot S N
m 0 I C‘f' 10° 10
B
o O s
g m 2.0x10°
5 3 15%105
< ns
(@] | ns
x T 1.0x10° Tis
o0 s ns ns
o | 5.0¢10¢
001t s oe e
G
@ 2.0x10° '?'ﬁ;
8 1.5%105 .
2 1.0%105
oo~ ns
- A 50x104 "~ 3
(&)
w - 0.0
£
N ek
123 _II o '*—*‘
8 E 2.5x1o: e
[ 2.0x10
e} 1.5%10° .
é 1.0x10°{ s
P 5.0x10
- o e e e P B ) 0.0 y g
o
FEESP
INS-GFP —mM8@™MM——— 0&6 )





