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Abstract

In type 1 diabetes (T1D) autoreactive CD8 T cells infiltrate pancreatic islets and destroy 

insulin-producing β cells. Progression to T1D onset is a chronic process, which suggests that 

the effector activity of β-cell autoreactive CD8 T cells needs to be maintained throughout 

the course of disease development. The mechanism that sustains diabetogenic CD8 T cell 

effectors during the course of T1D progression has not been completely defined. Here we 

used single-cell RNA sequencing to gain further insight into the phenotypic complexity of islet­

infiltrating CD8 T cells in NOD mice. We identified two functionally distinct subsets of activated 

CD8 T cells, CD44highTCF1+CXCR6− and CD44highTCF1−CXCR6+, in islets of prediabetic 

NOD mice. Compared to CD44highTCF1+CXCR6− CD8 T cells, the CD44highTCF1−CXCR6+ 
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subset expressed higher levels of inhibitory and cytotoxic molecules and was more prone 

to apoptosis. Adoptive cell transfer experiments revealed that CD44highTCF1+CXCR6− CD8 

T cells, through continuous generation of the CD44highTCF1−CXCR6+ subset, were more 

capable than the latter population to promote insulitis and the development of T1D. We further 

showed that direct interleukin-27 (IL-27) signaling in CD8 T cells promoted the generation of 

terminal effectors from the CD44highTCF1+CXCR6− population. These results indicate that islet 

CD44highTCF1+CXCR6− CD8 T cells are a progenitor-like subset with self-renewing capacity 

and under an IL-27 controlled mechanism they differentiate into the CD44highTCF1−CXCR6+ 

terminal effector population. Our study provides new insight into the sustainability of the CD8 T 

cell response in the pathogenesis of T1D.

Introduction

Type 1 diabetes (T1D) is a chronic autoimmune disease resulting in the destruction of 

insulin producing pancreatic β cells (1). Studies in both humans and the NOD mouse 

implicate CD8 T cells as the primary mediators of β-cell destruction in T1D. In human 

T1D patients, CD8 T cells are the dominant cell type within the islet infiltrate and in situ 

MHC tetramer staining has revealed their β-cell reactivity (2, 3). In NOD mice, CD8 T cells 

are required for islet inflammation and T1D development (4–6). Following initial activation 

in the pancreatic lymph nodes (PLN), autoreactive CD8 T cells migrate to the pancreas, 

recognize cognate antigen in association with MHC class I molecules expressed on the 

surface of β cells, and initiate cytotoxic programs (7–10). However, the detailed mechanisms 

that control autoreactive CD8 T cell differentiation and sustain their effector activity during 

the progression of T1D are not fully defined.

T1D is a polygenic disease in which genome wide association studies and meta-analyses 

have identified greater than 50 significantly linked loci in humans (11–17). Among the 

list of T1D candidate genes is IL27 (encoding the p28 subunit) (11, 18). Additionally, 

human genetic studies have suggested an inflammatory role for interleukin-27 (IL-27) 

in the pathogenesis of T1D (19, 20). IL-27, a heterodimeric cytokine composed of two 

noncovalently linked subunits Epstein-Barr virus-induced gene 3 (EBI3) and IL-27p28, has 

been shown to play a role in the differentiation of CD8 T cells (21–25). We previously 

demonstrated that IL-27 signaling was required for the development of T1D in the NOD 

mouse and that direct IL-27 signaling enhanced the diabetogenic activity of CD8 T cells 

(26). While direct IL-27 signaling did not have a significant effect on the phenotype of 

CD8 T cells in the spleen and PLN, it promoted their accumulation and expression of T-bet 

and IFNγ in the pancreatic islets (26). This is consistent with the previous observation 

that there is further differentiation of CD8 T cells within the local islet environment (9, 

10). Recently, the presence of multiple CD8 T cell differentiation states have been shown 

to be critical in maintaining the anti-viral response during the setting of chronic viral 

infection (27–31). IL-27 signaling was shown to improve the anti-viral CD8 T cell response 

during chronic viral infection by enhancing the proliferation and maintenance of the self­

renewing progenitor population (32). Collectively, these observations led us to hypothesize 

that multiple antigen-driven CD8 T cell differentiation states exist during the progression of 

T1D and that direct IL-27 signaling may regulate this differentiation process.
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In this study, we characterized the heterogeneity of CD8 T cells in the pancreatic islets of 

prediabetic NOD mice. Our data reveal the presence of phenotypically and functionally 

distinct subsets of islet-infiltrating CD8 T cells and identify a renewable source of 

autoreactive CD8 T cells within islet infiltrate during the progression of T1D. Furthermore, 

we found that direct IL-27 signaling regulates the transition of islet-infiltrating CD8 T cells 

between functionally distinct subsets.

Materials and Methods

Mice

NOD/ShiLtJ (NOD), NOD.129S7(B6)-Rag1tm1Mom/J (NOD.Rag1−/−), and NOD.B6-Ptprcb/

6908MrkTacJ (NOD.Cd45.2) mice were procured from The Jackson Laboratory 

and maintained at the Medical College of Wisconsin (MCW). NOD.Tnfrsf9−/− and 

NOD.Il27ra−/− mice have been previously described (26, 33).

Study approval

All mice were used in accordance with and approved by Institutional Animal Care and Use 

Committee guidelines at the MCW.

Generation of mixed bone marrow chimeras

Bone marrow (BM) was harvested from the tibias and femurs of 6–9-week-old 

NOD.Il27ra−/− and NOD.Cd45.2 females. T cell-depleted NOD.Il27ra−/− and NOD.Cd45.2 
BM cells were mixed at a 1:1 ratio (2.5×106 cells each) and infused into lethally irradiated 

(1100 rads) 6–8-week-old (NOD × NOD.Cd45.2)F1 females.

10x Genomics library preparation and sequencing

Approximately 2,500 cells per sample were used to prepare individual single-cell RNA 

sequencing (scRNA-seq) libraries using the Chromium Single Cell 3’v2 Reagent Kit (10x 

Genomics). Libraries were quantified using the KAPA Library Quantification Kit (Roche) 

and then sequenced on an Illumina NextSeq using the NextSeq 500/550 High Output Kit 

v2 (150 cycles) (Illumina). Raw sequencing data was downloaded using the Python Run 

Downloader (Illumina). Reads were demultiplexed and converted to gene-barcode matrices 

with mm10 as the reference transcriptome using the Cell Ranger (version 1.3.1) mkfastq 

and count functions respectively. Each sample had a sufficient number of genes detected 

(>10,000), a high percentage of reads mapped to the genome (>80%), and >1000 cells 

detected.

Isolation of cells from the pancreatic islets

Pancreatic islets were isolated as previously described (34). In some experiments, islets were 

pooled from multiple mice during picking. Isolated islets were dispersed in non-enzymatic 

cell dissociation buffer (Gibco) to obtain a single cell suspension.
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Cell sorting

For isolation of cells used in the scRNA-seq experiment, islet single-cell suspensions 

were washed once and incubated with 5μg/mL Fc block (anti-mouse CD16/CD32, clone 

2.4G2, BioXCell). Cells were then stained with antibodies against CD45.1 (A20) for 30 

minutes at 4°C, washed, and passed through a 30μm filter. Single CD45.1+ cells were 

sorted on a FACSAria III (BD Biosciences). For isolation of islet-infiltrating CD8 T cell 

subsets, islet single cell suspensions were washed with complete RPMI and incubated 

at 37°C for 1 hour, washed and incubated with 5μg/mL Fc block, and then stained for 

30 minutes at 4°C with antibodies against CD45.1 (A20), CD8 (53–6.7), CD44 (IM7), 

SLAMF6 (330-AJ), CXCR6 (SA051D1) and lineage markers (Lin) B220 (RA3–6B2), 

CD11b (M1/70), and CD4 (RM4–5). Cells were washed and passed through a 30μm 

filter. Single CD45.1+Lin−CD8+CD44low, CD45.1+Lin−CD8+CD44highSLAMF6+CXCR6−, 

and CD45.1+Lin−CD8+CD44highSLAMF6−CXCR6+ cells were sorted on a FACSAria II 

(BD Biosciences).

Single-cell RNA sequencing dataset analyses

Data analysis was performed in R (version 3.6.2) using the package Seurat (version 

3.1.5) (35). Cells with unique feature counts <100 or >5000 and percent of counts 

from mitochondrial genes >5% were removed. The count data was log-normalized and 

the 7- and 12-week samples were combined using the IntegrateData function. Principal 

component (PC) analysis was performed on the integrated dataset considering the top 2000 

variably expressed genes. All cells were initially clustered with Shared Nearest Neighbor 

(SNN) clustering and visualized using t-distributed stochastic neighbor embedding (t-SNE). 

Canonical markers were used to classify cell types. T cell clusters were isolated and re­

clustered using SNN clustering. CD8 T cell clusters were then further isolated and cells 

expressing Cd4 at a level > 0.25 were removed. (Figure S1). The remaining 632 CD8 T 

cells were re-clustered with SNN clustering (resolution of 0.3) and t-SNE visualization using 

the top 12 most statistically significant PCs. Heatmaps, violin plots, and t-SNE plots were 

generated using the package Seurat. Bar plots were generated using the R package ggplot2 

(version 3.3.0). The volcano plot was generated using the R package EnhancedVolcano 

(version 1.4.0). Gene module scores were calculated using the AddModuleScore function in 

Seurat.

SCENIC analysis

Data analysis was performed in R using the package SCENIC (36). Log-normalized UMI 

counts were used as the input gene values. The algorithm identified 401 total regulons in 

our dataset. The regulons can be divided into two categories: main regulons are identified 

by using high confidence annotations only (inferred by orthology) and “extended” regulons 

are identified by including lower confidence annotations (inferred by motif similarly). For 

regulons identified having both a main and an extended version, we kept only the main 

version resulting in 256 unique regulons in our dataset. The activity of those 256 regulons 

were used to generate a t-SNE plot. Cells in the t-SNE were colored according to their 

Seurat cluster identities; however, these groupings were used as a visualization tool only and 

had no effect on the distribution of cells in the t-SNE. Differential expression analysis (two 
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sample t-test) was performed to identify cluster-specific marker regulons (cluster identities 

from Seurat analysis). The results were visualized on a heatmap using the top 20 regulons 

with the highest average regulon activity and an FDR <0.05. Differential expression analysis 

(two sample t-test) was performed to compare regulon activity between cluster 2 and 3 

(cluster identities from Seurat analysis). For this comparison we utilized both main and 

extended regulons to maximize the putative target genes. A volcano plot was generated 

using the R package EnhancedVolcano (version 1.9.13). The gene regulatory network 

models were generated using Cytoscape (version 3.8.2).

Flow cytometry

Islet single cell suspensions were resuspended in complete RPMI and incubated at 37°C 

for 1 hour. Cells were washed once with FACS buffer (PBS + sodium azide and 

2% FBS) and stained for surface markers CD45.1 (A20), CD45.2 (104), CD3e (145–

2C11), CD4 (RM4–5), CD8 (53–6.7), CD44 (IM7), SLAMF6 (Ly108) (330-AJ), CXCR6 

(SA051D1), PD-1 (J43), LAG3 (eBIOC9B7W), and TIM3 (RMT3–23). All antibodies are 

from BD Biosciences, Biolegend, or eBioscience. Dead cells were discriminated using 

7-aminoactinomycin (Sigma). For transcription factor analysis, islet single cell suspensions 

were labeled with BD Horizon fixable viability stain (BD Biosciences) and stained with 

cell surface markers. Cells were then fixed and permeabilized using the Foxp3/Transcription 

factor staining buffer set (eBioscience) and stained with the anti-TCF1 antibody (C63D9, 

Cell Signaling). For analysis of IGRP206–214-reactive CD8 T cells, cells were labeled with 

MHC class I (Kd) tetramers loaded with a mimotope peptide NRP-V7 (37) (obtained from 

the National Institutes of Health Tetramer Core Facility) for 15 minutes at room temperature 

prior to cell surface marker staining. For analysis of granzyme B expression, islet single cell 

suspensions were incubated at 37°C for 5 hours in the presence of 1X cell stimulation 

cocktail with protein transport inhibitor (eBioscience). Cells were labeled with fixable 

viability dye and stained with cell surface markers. Cells were then fixed and permeabilized 

using the Cytofix/Cytoperm fixation and permeabilization solution kit (BD Biosciences) and 

stained with anti-granzyme B (NGZB, eBioscience). For analysis of active caspase 3, islet 

single cell suspensions were resuspended in complete RPMI and incubated at 37°C for 5 

hours. Cells were labeled with fixable viability dye and stained with cell surface markers. 

Cells were then fixed, permeabilized, and stained for active caspase 3 using the PE active 

caspase 3 apoptosis kit (BD Biosciences). Samples were run on the LSRII or LSRFortessa 

X20 cytometer (BD Biosciences). Data was analyzed with FlowJo software (Tree Star). 

Gating for active caspase 3 was based on isotype control antibody.

Adoptive cell transfer

Each CD8 T cell subset (1×104 cells) sorted from 12–16-week-old female donors was 

independently mixed with total splenocytes (2×106 cells) from 6-week-old NOD.Tnfrsf9−/− 

female mice and intravenously injected into NOD.Rag1−/− females.

Assessment of T1D and insulitis development

Mice were tested weekly for glycosuria (Bayer Diastix ®) and considered diabetic after 

two consecutive readings of >250 mg/dL. Pancreata from cell transfer recipients at time 

of diabetes onset or 16 weeks post-transfer were fixed in 10% neutral buffered formalin. 
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Fixed pancreata were cut in 4μm sections with 60μm discarded between sections. The 

sections were stained with aldehyde fuchsin followed by hematoxylin and eosin (H&E) 

counterstain. At least 25 islets from 4 sections were scored per mouse. The insulitis score of 

each islet was determined as follows: 0-no infiltration, 1-leukocytes surrounding islet but no 

penetration, 2-estimated loss of up to 25% of the β cells, 3-estimated loss of up to 75% of 

the β cells, 4-end stage, less than 25% of the β cells remaining.

Cell culture

The sorted congenically labeled CD8 T cell subsets were mixed together with total 

splenocytes from NOD.Cd45.2 mice as depicted in Figure 5A. Each sample of pooled cells 

were then cultured for 3 days in complete RPMI alone (unstimulated) or in the presence 

of soluble anti-CD3 and anti-CD28 (1μg/mL each) with or without 10ng/mL recombinant 

mouse IL-27 (R&D Systems).

Statistics

Statistical tests were performed in R (version 3.6.2) for scRNA-seq analyses and in 

Graphpad Prism 8 (La Jolla, CA) for other comparisons. Adjusted p-values were calculated 

using Bonferroni correction for comparison of differentially expressed genes between cell 

clusters. Wilcoxon rank-sum test was used for comparison of gene module scores between 

cell clusters. Fisher’s exact test was used to compare the distribution of cells in different 

clusters between the two time points. Wilcoxon rank-sum test, Wilcoxon signed-rank test, 

Chi-squared test with Benjamini-Hochberg correction, or two-sample t test was used for 

comparison between two groups as indicated.

Results

Transcriptomic heterogeneity of islet-infiltrating CD8 T cells

CD8 T cells are important for T1D development but how they sustain their diabetogenic 

activity during disease progression has not been completely defined. To further address 

this question, we initially performed scRNA-seq to gain insight into the transcriptional 

heterogeneity of CD8 T cells in islets of NOD mice. T1D onset starts at 12–14 weeks of age 

and the incidence is higher than 80% by 30 weeks of age in females in our NOD colony. 

Thus, we sorted islet-infiltrating leukocytes (CD45+) pooled from five 7- or 12-week-old 

prediabetic NOD females (Figure S1A–B). Single cell cDNA libraries were generated for 

7- and 12-week samples independently. After initial filtering, 1,087 cells from 7-week 

and 2,776 cells from 12-week samples were further characterized. Canonical correlation 

analysis was used to integrate the datasets (35). Subsequently, unsupervised graph-based 

clustering analysis identified 16 unique cell populations, including CD4 and CD8 T cells, 

cycling T cells, B cells, plasma cells, natural killer T cells, natural killer cells, conventional 

dendritic cells (DCs), plasmacytoid DCs, macrophages, and group 2 innate lymphoid cells 

(ILC2) with distinct marker gene expression (Figures S1A–C). We found all cell populations 

were present in 7- and 12-week samples with some proportional variations (Figure S1B). 

Hereafter, we focused on CD8 T cells to characterize their differentiation states at a higher 

resolution. A total of 632 CD8 T cells (177 from the 7-week and 455 from the 12-week 

samples) were identified (Figure S1D) and after re-clustering they formed four distinct 
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clusters (Figure 1A). The distribution of cells among the four clusters was similar at 

both timepoints (Fisher’s exact test p = 0.8979) (Figure 1B). Cluster 1 displayed a gene 

expression pattern characteristic of naïve CD8 T cells, including increased expression of 

Sell, Lef1, Dapl1, Ccr7, and Il7r and minimal expression of Cd44 (Figures 1C–D and Table 

S1). Clusters 2, 3, and 4 expressed markers indicative of activated T cells, including Cd44 
(Figures 1C–D and Table S1). Notably, clusters 2, 3, and 4 had increased expression of the 

transcription factor Tox (Figures 1C–D). Previous studies have shown that TOX is induced 

in CD8 T cells during chronic viral infection, and hence its expression in islet CD8 T cells 

is consistent with the presence of persistent β-cell autoantigen stimulation in NOD mice (38, 

39). Uniquely, cluster 4 had high expression of cell proliferation-associated genes, including 

Cdk1, Birc5, Top2a, and Mki67, indicating that cells in this cluster represent actively cycling 

cells (40–43) (Figures 1C–D). To further assess the cell cycle status of cells in each cluster 

we used the CellCycleScoring feature in Seurat (44). Correspondingly, cells in clusters 1–3 

were predominantly non-cycling cells and all cells in cluster 4 were actively cycling cells 

in the G2/M or S phase (Figure S1D). Subsequently, we focused on clusters 2 and 3 for 

additional analyses.

Interestingly, clusters 2 and 3 comprise transcriptionally distinct subsets of activated CD8 T 

cells with similarity to the antigen-experienced progenitor-like and terminally differentiated 

effectors found during chronic viral infection (27–29). Among the top genes significantly 

upregulated in cluster 2 compared to cluster 3 were Tcf7 (encoding TCF1), Slamf6, and 

Id3 (Figures 1D–E and Table S2). TCF1 expression is critical for the generation and 

persistence of the progenitor-like subset that sustains CD8 T cell immunity during chronic 

viral infection by giving rise to the terminally differentiated effectors (29). Slamf6 encodes 

a cell surface molecule that is also expressed by the TCF1+ progenitor-like CD8 T cells 

found during chronic viral infection (29, 45). Id3 encodes a transcriptional regulator that is 

expressed by long-lived memory CD8 T cells (46). Additionally, cluster 2 expressed Il7r and 

intermediate levels of inhibitory receptors Pdcd1 (encoding PD-1) and Lag3 (Figures 1D–E). 

However, consistent with the TCF1+ progenitor-like CD8 T cell phenotype in chronic viral 

infection, cluster 2 lacked expression of the inhibitory receptor Havcr2 (encoding TIM3) 

as well as cytotoxic molecules Gzmb and Fasl (29) (Figure 1D). Conversely, cluster 3 was 

distinguished by higher expression of the chemokine receptor Cxcr6. Additionally, cluster 3 

shared multiple similarities with the terminally differentiated effectors found during chronic 

viral infection, including increased expression of transcription factors Eomes and Prdm1 
(encoding BLIMP-1), the transcriptional regulator Id2, inhibitory receptors (Pdcd1, Lag3, 

and Havcr2), and effector and cytotoxic molecules (Ifng, Ccl3, Ccl4, Gzmb, and Fasl) 
(Figures 1D–E and Tables S1 and S2) (27, 47).

To further explore the parallelism between CD8 T cell differentiation states in T1D 

and chronic viral infection, we measured the enrichment of previously identified gene 

signatures in our scRNA-seq dataset (28). Expression of genes upregulated in progenitor­

like CD8 T cells during chronic lymphocytic choriomeningitis virus (LCMV) infection 

were enriched in cluster 2; whereas those upregulated in terminally differentiated effector 

CD8 T cells were enriched in cluster 3 (Figure 1F). Overall, our scRNA-seq analysis 

identified transcriptionally distinct subsets of islet-infiltrating CD8 T cells and suggests that 
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a progenitor-progeny relationship may exist between these subsets analogous to that seen in 

chronic LCMV infection.

Differential gene regulatory network activity in islet-infiltrating CD8 T cell subsets

To further understand the gene regulatory programs underlying the CD8 T cell 

differentiation states in T1D, we applied a computational method called single-cell 

regulatory inference and clustering (SCENIC) to our scRNA-seq dataset (36). The SCENIC 

analysis first identifies co-expression modules containing a transcription factor and possible 

gene targets within our scRNA-seq data, then potential direct targets of the transcription 

factor are identified using cis-regulatory motif analysis. The resulting transcription factor 

and putative targets defines a regulon. In this way, cells can be clustered based on overall 

similarities in cell-regulon activity, which considers not only transcription factor expression 

but also the expression of their target genes. Cell clustering based on the activity of the 

regulons detected in islet-infiltrating CD8 T cells closely corresponded to the four major 

subsets we identified by gene expression profiles (clusters 1–4 in Figure 1) (Figure 2A). This 

result indicates that distinct gene regulatory networks control the differentiation of islet­

infiltrating CD8 T cells during the progression of T1D. Notably, cluster 1 cells displayed 

high activity of regulons consistent with their naive phenotype including Klf2, Lef1, Foxo1, 

and Foxp1 that are known to be important for thymic egress, naïve T cell homeostasis, and 

maintenance of the quiescent state (Figure 2B) (48–54). In contrast, cluster 4 cells had high 

activity of regulons associated with cell cycle progression including E2f1, E2f4, E2f7, E2f8, 

and Smc3, which is congruent with their actively cycling phenotype (Figure 2B) (55, 56). 

Interestingly, clusters 2 and 3 exhibited regulon activity with similarities and differences to 

the progenitor-like and terminally differentiated effector CD8 T cells found during chronic 

viral infection. Therefore, we focused subsequent analyses on these two subsets.

Of note, both clusters 2 and 3 had uniquely enriched activity of the Elf1 and Ikzf2 regulons 

(Figure 2B). Elf1 has been shown to regulate several T cell specific genes including 

promoting responsiveness to IL-2 via transcriptional control of Il2ra (57, 58). Ikzf2 (also 

known as Helios) has been shown to be expressed in a subset of terminal effector CD8 

T cells that arise in patients with chronic untreated HIV-1 infection (59). Additionally, 

Ikzf2 has been associated with an exhausted CD8 T cell phenotype during chronic viral 

infection (60, 61). Therefore, Elf1 and Ikzf2 gene regulatory programs may play a role in 

the generation or maintenance of chronically activated CD8 T cells during the progression of 

T1D.

Reinforcing the conclusion that cluster 2 cells have a phenotype similar to the progenitor­

like population, we observed that the Tcf7 regulon was among the top regulons with 

significantly increased activity in cluster 2 compared to cluster 3 (Figures 2C–D). 

Furthermore, TCF1 is predicted to directly promote the expression of cluster 2 signature 

genes Id3 and Traf1 (Figure 2E). Additionally, we found that the Tcf12, Elk4, Myc, Yy1, 

Bmyc, Ubtf, and Nrf1 regulons were also among the top regulons with increased activity 

in cluster 2 compared to cluster 3 suggesting that they may play a role in the generation or 

maintenance of the progenitor-like CD8 T cells in T1D (Figures 2C–D). Notably, TCF12 
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and ELK4 transcription factors were also predicted to directly promote the expression of Id3 
(Figure 2E).

Supporting the conclusion that cluster 3 cells have a phenotype similar to the terminally 

differentiated effectors, we observed that the Runx2, Batf, Prdm1, Rora, Bhlhe40, and 

Eomes regulons were among the top regulons with significantly increased activity in cluster 

3 compared to cluster 2 (Figures 2C–D). Additionally, we found the Trps1, E2f4, and Ets1 
regulons were also among the top regulons with increased activity in cluster 3 compared 

to cluster 2 suggesting that they may play a role in the generation or maintenance of the 

effector CD8 T cells in the progression of T1D. Interestingly, we found that Batf, Bhlhe40, 

E2f4, Runx2, Ets1, and Rora are all predicted to reinforce the expression of the cluster 

signature marker Cxcr6 (Figure 2F). Furthermore, we found that the transcription factors 

representing the top regulons in cluster 3 compared to cluster 2 also promoted the expression 

of effector molecules including Ccl3, Ccl4, Ccl5, Ifng, Gzmb, inhibitory receptors including 

Pdcd1 and Lag3, and transcription factors with previously known roles in exhausted CD8 T 

cells including Tox and Nr4a2 (Figure 2F) (38, 39, 62). Collectively, these results indicate 

that the differentiation of islet-infiltrating CD8 T cells during the progression of T1D is 

controlled by distinct gene regulatory networks.

Differential expression of CD44, SLAMF6, TCF1, and CXCR6 distinguishes three subsets of 
islet-infiltrating CD8 T cells

We next asked whether surface markers identified by scRNA-seq could be used to detect 

CD8 T cell subsets via flow cytometry for the purpose of cell isolation. We analyzed 

islet-infiltrating CD8 T cells of 10 to 13-week-old non-diabetic NOD females for the 

expression of CD44 (a marker distinguishing activated cells from cluster 1), SLAMF6 (a 

cluster 2 marker), and CXCR6 (a cluster 3 marker). Analogous to the scRNA-seq data, flow 

cytometry revealed three major subsets of CD8 T cells including a CD44low population, a 

CD44highSLAMF6+CXCR6− population, and a CD44highSLAMF6−CXCR6+ population in 

the islet infiltrate (Figures 3A and S2A). To further characterize the phenotype of these 

CD8 T cell subsets, we analyzed the expression of transcription factor TCF1 (a cluster 2 

marker that is highly expressed in memory cells (63, 64)) as well as inhibitory receptors 

PD-1, LAG3, and TIM3. Additionally, we analyzed granzyme B expression. Similar to the 

scRNA-seq result, the CD44low population expressed high levels of TCF1 but overall had 

low expression of PD-1, LAG3, TIM3, and granzyme B (Figures 3B–3F and S2B–S2F). The 

CD44highSLAMF6+CXCR6− population expressed high levels of TCF1 and intermediate 

levels of PD-1 and LAG3 but had limited expression of TIM3 and granzyme B (Figures 3B–

3F and S2B–S2F). The CD44highSLAMF6−CXCR6+ population had minimal expression 

of TCF1 but expressed high levels of PD-1, LAG3, TIM3, and granzyme B (Figures 

3B–3F and S2B–S2F). Thus, consistent with the scRNA-seq analysis, CD44, SLAMF6, 

and CXCR6 expression distinguishes three phenotypically distinct, and likely functionally 

different, subsets of islet-infiltrating CD8 T cells. Since high levels of both TCF1 and 

SLAMF6 were co-expressed in islet CD44highCXCR6− CD8 T cells, hereafter we use either 

CD44highTCF1+CXCR6− or CD44highSLAMF6+CXCR6− (i.e., SLAMF6 as a cell surface 

surrogate marker for TCF1) to define this subset.
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Next, we confirmed the existence of distinct subsets among β-cell specific CD8 T cells 

by analyzing IGRP206–214-reactive CD8 T cells in islet infiltrate. Cells were labeled with 

MHC class I (Kd) tetramers loaded with the mimotope peptide NRP-V7 (37). We found 

that IGRP206–214-reactive CD8 T cells in the pancreatic islets were exclusively CD44high 

and could be divided into TCF1+CXCR6− and TCF1−CXCR6+ subsets (Figure 3G). 

Interestingly, the relative proportion of TCF1−CXCR6+ cells was significantly higher among 

IGRP206–214-reactive than other CD44high CD8 T cells (Figure 3G). Collectively, these 

results provide further evidence to support the hypothesis that CD44highTCF1+CXCR6− 

and CD44highTCF1−CXCR6+ CD8 T cell subsets represent functionally distinct stages of 

β-cell-antigen-driven differentiation.

Islet CD44highTCF1+CXCR6− CD8 T cells give rise to the terminally differentiated 
TCF1−CXCR6+ effector subset to promote the development of insulitis and T1D

We next aimed to directly determine the lineage relationship between the 3 distinct 

subsets of islet-infiltrating CD8 T cells identified in Figure 3A by adoptive transfer 

experiments. We used SLAMF6 to sort islet CD8 T cell subsets and TCF1 to define 

them after adoptive transfer. The limited number of islet CD8 T cells that could be 

isolated from donor mice did not allow us to recover them for numerical and phenotypic 

analysis if transferred into lymphoreplete NOD mice. Thus, we isolated CD44low, 

CD44highSLAMF6+CXCR6−, and CD44highSLAMF6−CXCR6+ CD8 T cells from islets 

of 12–16-week-old non-diabetic (NOD × NOD.Cd45.2)F1 females and transferred them 

into sex-matched NOD.Rag1−/− mice (Figures 4A and S2G). To provide other lymphocyte 

populations, we co-transferred 1×104 sorted islet CD8 T cells with 2×106 total splenoctyes 

from 6-week-old NOD.Tnfrsf9−/− females (expressing only CD45.1). CD137 (encoded by 

Tnfrsf9) expression on β-cell autoreactive CD8 T cells is important for their accumulation 

and Tnfrsf9−/− CD8 T cells cannot induce diabetes in NOD.Rag1−/− recipients (65). Thus, 

NOD.Tnfrsf9−/− splenocytes can support, but not outcompete, the CD8 T cells isolated 

from (NOD × NOD.Cd45.2)F1 islets. At 7 weeks post-transfer, we analyzed the transferred 

(NOD × NOD.Cd45.2)F1 CD8 T cells in the spleens, PLN, and islets of the NOD.Rag1−/− 

recipients. The reconstitution levels of all three transferred CD8 T cell subsets were 

not statistically different in the spleen, albeit there was a tendency to be higher in the 

CD44highSLAMF6+CXCR6− recipients (Figure 4B). The absolute number of cells derived 

from transferred CD44highSLAMF6+CXCR6− CD8 T cells trended higher than the CD44low 

subset and was consistently higher than the CD44highSLAMF6−CXCR6+ subset in the 

PLN (Figure 4B). Strikingly, the transferred CD44highSLAMF6+CXCR6− CD8 T cells 

exhibited a robust capacity to accumulate in the islets compared to the CD44low and 

CD44highSLAMF6−CXCR6+ subsets (Figure 4B and S2H). The increased accumulation 

of the transferred CD44highSLAMF6+CXCR6− CD8 T cells in the PLN and islets suggests 

that these cells were undergoing antigen-driven expansion, although we cannot completely 

rule out the effect of homeostatic expansion that occurs in the lymphopenic NOD.Rag1−/− 

host. We further analyzed the phenotype of the transferred cells in the islets of the 

recipients and found that the transferred CD44highSLAMF6+CXCR6− CD8 T cells gave 

rise to both TCF1+ and TCF1− populations (Figure 4C). Whereas the transferred CD44low 

and CD44highSLAMF6−CXCR6+ CD8 T cells largely maintained their pre-transfer TCF1 

expression pattern (TCF1+ and TCF1− respectively, Figure 4C).
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We next asked whether there was a difference in the ability of purified islet 

CD44low, CD44highSLAMF6+CXCR6−, and CD44highSLAMF6−CXCR6+ CD8 T cells 

to induce insulitis and diabetes. We performed a series of five independent transfer 

experiments similar to the transfer strategy depicted in Figure 4A. Each transfer 

experiment included 1–2 NOD.Rag1−/− recipients of each CD8 T cell subset. The 

recipients were followed weekly for diabetes development. In two out of five transfer 

experiments the recipients of CD44highSLAMF6+CXCR6− CD8 T cells became diabetic 

at 10- and 14-weeks post-transfer respectively. In contrast, none of the CD44low or 

CD44highSLAMF6−CXCR6+ CD8 T cell recipients developed diabetes. At 16 weeks 

post-transfer, the recipient pancreata from transfer experiments where none of the mice 

became diabetic were histologically analyzed for insulitis. Histological analysis revealed 

that CD44highSLAMF6+CXCR6− CD8 T cell recipients had the highest level of insulitis 

compared to CD44highSLAMF6−CXCR6+ and CD44low CD8 T cell recipients (Figure 4D). 

The inability of CD44highSLAMF6−CXCR6+ CD8 T cells to exhibit long-term accumulation 

in the PLN and islets of NOD.Rag1−/− recipients suggests that these cells are terminally 

differentiated and prone to apoptosis, which likely precludes them from inducing T1D 

despite having an effector phenotype. Consistent with this interpretation, a significantly 

higher proportion of CD44highSLAMF6−CXCR6+ CD8 T cells from the islets of NOD mice 

expressed active caspase 3 than the other subsets (Figure 4E). Together these experiments 

indicate that β-cell-antigen-driven differentiation of CD8 T cells occurs in a stepwise 

process, whereby the CD44highTCF1+CXCR6− progenitor-like subset is capable of self­

renewal and can give rise to the CXCR6+ effector population. These results also indicate that 

the CD44highTCF1+CXCR6− progenitor-like subset is required to continuously replenish the 

effector cell pool and maintain the autoreactive CD8 T cell response over time. In addition, 

the results provide evidence to support the idea that the majority of CD44low naïve-like CD8 

T cells found in the pancreatic islets at later stages of disease progression are not β-cell 

antigen specific.

IL-27 signaling promotes the generation of islet CD44highTCF1−CXCR6+ CD8 T cells from 
the CD44highTCF1+CXCR6− progenitor-like population

We previously demonstrated that IL-27 signaling in CD8 T cells promotes T1D progression 

in NOD mice (26). Direct IL-27 signaling enhanced the accumulation of islet-infiltrating 

CD8 T cells and promoted their expression of T-bet and IFNγ (26). Thus, we hypothesized 

that IL-27 signaling promotes the generation of CD44highTCF1−CXCR6+ terminally 

differentiated CD8 T effectors in the pancreatic islets of NOD mice. To initially test 

this idea, we used an in vitro culture system to analyze the effect of IL-27 on the 

lineage relationship between the CD8 T cell subsets isolated from pancreatic islets. We 

used SLAMF6 to sort islet CD8 T cell subsets and TCF1 to define them after in vitro 
differentiation. We independently sorted the CD8 T cell subsets (2×104 each) from the 

islets of NOD (expressing CD45.1) and (NOD × NOD.Cd45.2)F1 mice, and then mixed 

them with NOD.Cd45.2 splenocytes (feeder cells) as depicted in Figure 5A. Mixed cells 

were stimulated for three days with anti-CD3 and anti-CD28 in the presence or absence 

of recombinant murine IL-27. Congenically marked islet CD44highSLAMF6+CXCR6− and 

CD44highSLAMF6−CXCR6+ CD8 T cells were cultured together to directly compare their 

differentiation potential.
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In the absence of IL-27, CD44highSLAMF6+CXCR6− cells gave rise to both 

TCF1+CXCR6− and TCF1−CXCR6+ cells, whereas the CD44highSLAMF6−CXCR6+ and 

CD44low subsets primarily maintained their TCF1−CXCR6+ and TCF1+CXCR6− expression 

patterns respectively (Figures 5B–C). Interestingly, addition of exogenous IL-27 to the 

culture resulted in a significantly increased proportion of CD44highSLAMF6+CXCR6− 

cells acquiring the TCF1−CXCR6+ phenotype (Figures 5B–C). The presence of IL-27 

also promoted CD44low cells to downregulate TCF1 and upregulate CXCR6, while the 

CD44highSLAMF6−CXCR6+ subset maintained the TCF1−CXCR6+ phenotype (Figures 

5B–C). These results indicate that IL-27 signaling promotes downregulation of TCF1 and 

upregulation of CXCR6 in non-terminally differentiated CD8 T cells and suggest a role for 

IL-27 signaling in promoting the generation of CD44highTCF1−CXCR6+ CD8 T cells from 

the CD44highTCF1+CXCR6− population. IL-27 signaling may promote the generation of 

both progenitor-like and effector CD8 T cells from the CD44low population; however, we 

cannot rule out the possibility that naïve CD8 T cells can directly become effectors and 

bypass the progenitor-like state in the presence of IL-27 signaling. Additionally, these results 

further support the conclusion that islet-infiltrating CD44highTCF1+CXCR6− progenitor-like 

CD8 T cells give rise to the CD44highTCF1−CXCR6+ terminally differentiated effector 

population.

Recently, it has been reported that IL-27 signaling promotes the proliferation and 

maintenance of the antigen-experienced TCF1+ progenitor CD8 T cell population during 

chronic viral infection (32). Therefore, we asked if IL-27 signaling differentially affects 

the expansion of cultured CD44highSLAMF6+CXCR6− and CD44highSLAMF6−CXCR6+ 

islet CD8 T cell subsets. We analyzed the change in total cell numbers after three days in 

culture with or without IL-27. Consistent with the idea that the CD44highSLAMF6+CXCR6− 

CD8 T cell subset isolated from islets resemble the self-renewing progenitor-like cells, 

they underwent significantly higher expansion compared to CD44highSLAMF6−CXCR6+ 

CD8 T cells in the absence of IL-27 (Figure 5D). The limited expansion of the 

CD44highSLAMF6−CXCR6+ CD8 T cells is consistent with our observation that these cells 

are prone to apoptosis (Figure 4E). Addition of IL-27 dramatically enhanced the expansion 

of sorted CD44highSLAMF6+CXCR6− CD8 T cells, but the effect was modest for the 

CD44highSLAMF6−CXCR6+ subset (Figure 5D). Together, these results suggest that IL-27 

signaling promotes the expansion of the islet-infiltrating CD44highTCF1+CXCR6− CD8 T 

cells and simultaneously drives the differentiation of terminal effectors.

CD8 T cell-intrinsic IL-27 signaling promotes the generation of the CD44highTCF1−CXCR6+ 

CD8 T cell subset within pancreatic islets

To further confirm the effect of IL-27 on the differentiation of CD44highTCF1−CXCR6+ 

CD8 T cells in vivo, we generated mixed bone marrow (BM) chimeric mice to directly 

compare wildtype and Il27ra−/− CD8 T cell subsets. We reconstituted lethally irradiated 

(NOD × NOD.Cd45.2)F1 recipients with an equal number of wildtype NOD.Cd45.2 
and NOD.Il27ra−/− (expressing only CD45.1) BM cells and analyzed islet infiltrate in 

prediabetic chimeras at 10–12 weeks post-reconstitution (Figure 6A). Consistent with our 

previous result, the frequency of total Il27ra−/− CD8 T cells was significantly reduced in 

the pancreatic islets compared to the wildtype counterpart, but no difference was seen in 
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the spleen (26). Interestingly, we found that IL-27Rα deficiency significantly reduced the 

frequency of CD44high CD8 T cells in the pancreatic islets of the mixed BM chimeras 

(Figures 6B–C). In this experiment, SLAMF6 was used as a surrogate marker for TCF1 

to further define the two CD44high subsets. The proportion of SLAMF6−CXCR6+ cells 

among CD44high CD8 T cells was found significantly reduced in Il27ra−/− compared 

to wildtype CD8 T cells in the islets (Figures 6B and 6D). This result indicates that 

CD8 T cell-intrinsic IL-27 signaling promotes the generation of terminally differentiated 

CD44highSLAMF6−TCF1−CXCR6+ CD8 T effectors within the pancreatic islets.

Discussion

Our results have revealed transcriptional, phenotypic, and functional heterogeneity within 

islet-infiltrating CD8 T cells. We identified three major subsets of CD8 T cells 

infiltrating the pancreatic islets, including a CD44low population, a CD44highTCF1+CXCR6− 

population, and a CD44highTCF1−CXCR6+ population, in NOD mice with established 

insulitis. The CD44low population had a transcriptional profile similar to naïve cells and 

was unable to accumulate to a significant level in the islets and cause diabetes upon 

transfer into NOD.Rag1−/− hosts. Therefore, the CD44low population isolated from the 

islets of NOD mice at later stages of T1D progression is likely primarily composed of 

β-cell antigen non-specific bystander cells that are recruited to the islets due to ongoing 

inflammation. Recruitment of bystander T cells to the islets during the progression of 

T1D has been previously reported (66, 67), although their role in T1D pathogenesis 

is not clear. The CD44highTCF1+CXCR6− and CD44highTCF1−CXCR6+ populations had 

transcriptional profiles and gene regulatory networks respectively similar to the progenitor­

like and terminally differentiated effectors that are found during chronic viral infection. 

The CD44highTCF1+CXCR6− population had a robust ability to accumulate in the islets 

upon transfer into the NOD.Rag1−/− host, which led to significant insulitis and the 

development of T1D. Furthermore, the CD44highTCF1+CXCR6− population gave rise to 

the CD44highTCF1−CXCR6+ effector population in the NOD.Rag1−/− hosts, whereas the 

CD44highTCF1−CXCR6+ population maintained their TCF1− pre-transfer phenotype. Thus, 

our study demonstrates that the differentiation of islet-infiltrating CD8 T cells occurs in a 

stepwise manner.

The identification of the CD44highTCF1+CXCR6− progenitor population within islet­

infiltrating CD8 T cells has important implications for β-cell autoimmunity. Studies in 

NOD mice have revealed that thymic development of β-cell autoreactive T cells is limited 

to a narrow postnatal period (68) and that priming in PLN is required at 3 weeks but 

dispensable for T1D development after 10 weeks of age (7). Therefore, some autoreactive 

CD8 T cells retain their proliferative potential over time to sustain the autoimmune 

response. We demonstrated here, utilizing both in vitro and in vivo experiments, that 

the islet-infiltrating CD44highTCF1+CXCR6− CD8 T cells efficiently expand and generate 

terminally differentiated effectors. These results indicate that the CD44highTCF1+CXCR6− 

population is a source of self-renewing antigen-experienced β-cell specific CD8 T cells 

critical for maintaining the autoreactive response at the site of autoimmune attack. Future 

studies will be important to determine the factors that regulate the generation and persistence 

of these cells.
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Our gene regulatory network analysis revealed multiple transcription factors potentially 

controlling the differentiation of islet-infiltrating CD8 T cells during the progression of 

T1D. The CD44highTCF1+CXCR6− progenitors had high activity of Tcf12. TCF12 (also 

known as HEB) is a transcriptional regulator that binds to DNA at specific E box sites 

and has been shown to play a role in the development of memory-precursor CD8 T cells 

during viral infection. Specifically, a deficiency of both TCF12 and TCF3 (also known 

as E2A) led to an increase in the generation of short-lived effector CD8 T cells but a 

decrease in the formation of the memory-precursor CD8 T cells during viral infection (69). 

Furthermore, we have recently shown that TCF3 is an important epigenetic regulator in the 

formation of memory CD8 T cells during viral infection (70). Therefore, TCF12 may play 

a role, alone or in conjunction with TCF3, in the generation of islet-reactive progenitor-like 

CD8 T cells during T1D development. Our SCENIC analysis also identified that the islet­

infiltrating CD44highTCF1−CXCR6+ effector CD8 T cells had high activity of Batf. BATF 

expression has been shown to promote the CD8 T cell exhaustion program during chronic 

viral infection and is required for maintenance of the effector CD8 T cell response (71–73). 

The role of BATF in the pathogenesis of T1D is unknown, however it is possible that BATF 

is important for the maintenance of effector CD8 T cells during the long-term exposure to 

β cell antigens in the progression of T1D. Future studies are warranted to investigate the 

roles of TCF12, BATF, and potentially other transcription factors identified in our SCENIC 

analysis in the development of the autoreactive CD8 T cell response in T1D.

Our analysis of islet-infiltrating CD8 T cells revealed that both the CD44highTCF1+CXCR6− 

progenitors and CD44highTCF1−CXCR6+ effectors expressed inhibitory receptors. Sustained 

expression of high levels of inhibitory receptors is associated with an altered T cell 

differentiation state called exhaustion (74). Nevertheless, we demonstrate that islet 

CD44highTCF1+CXCR6− CD8 T cells remain functional as they efficiently expand and 

give rise to the CD44highTCF1−CXCR6+ effector population to promote T1D development. 

In addition, IL-27Ra-deficient CD8 T cells have decreased capacity to differentiate into 

CD44highTCF1−CXCR6+ effecter cells (Figure 6) and exhibit reduced diabetogenic activity 

(26). Thus, both CD44highTCF1+CXCR6− and CD44highTCF1−CXCR6+ are important for 

T1D development. Interestingly, we observed that some CD44highTCF1−CXCR6+ CD8 

T cells expressed very high levels of inhibitory receptors PD-1, LAG3, and TIM3. 

Furthermore, at the transcript level, Havcr2 (encoding TIM3) expressing cells were only 

found in the islets of 12- but not 7-week-old mice (data not shown). These observations 

raise the possibility that exhaustion of β-cell autoreactive CD8 T cells may represent 

a counteracting mechanism to restrain their effector function during T1D progression. 

Nevertheless, this mechanism eventually fails in NOD mice progressing to diabetes onset. 

This possibility is further supported by the rapid T1D onset caused by PD-1/PD-L1 or TIM3 

blockade in NOD mice (75, 76). A recent study analyzing β cell-specific CD8 T cells in 

peripheral blood of patients with T1D reported a correlation between the frequency of an 

exhausted population and the rate of disease progression (77), demonstrating that exhaustion 

may also be a counteracting mechanism present in human T1D. However, it remains to be 

determined whether this type of self-regulation is intrinsic to CD8 T cells or is imposed by 

other extrinsic regulatory mechanisms.
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We have previously shown that IL-27 signaling is required for T1D development in NOD 

mice and promoted the accumulation and effector phenotype of CD8 T cells within the 

pancreatic islets (26). In our current study, we expanded this research and discovered that 

IL-27 signaling promoted the expansion of the islet-infiltrating CD44highTCF1+CXCR6− 

CD8 T cells and simultaneously drove their differentiation into the CD44highTCF1−CXCR6+ 

terminal effector population. This result combined with our previous report showing that 

IL-27Rα-deficient CD8 T cells have a reduced ability to transfer T1D (26) further indicates 

that the CD44highTCF1−CXCR6+ effector population is important for the development of 

T1D. Previous literature studying the differentiation of effector CD8 T cells in the context 

of acute LCMV infection have shown that effector cell differentiation and the self-renewal 

of progenitors are coupled to cell proliferation (78). Therefore, IL-27 signaling may promote 

the proliferation of the islet-infiltrating CD44highTCF1+CXCR6− CD8 T cells thereby 

hastening their arrival at the terminally differentiated state. Both IL-27 and IL-6 utilize 

the gp130 receptor (24). IL-6 has been shown to stimulate CD8 T cell proliferation through 

a STAT3 mediated pathway (79, 80). Similarly, IL-27 also induces CD4 T cell, and likely 

CD8 T cell, proliferation through a STAT3 dependent mechanism (22, 81, 82). However, 

we have previously shown that IL-6-deficient NOD mice develop T1D at a rate identical to 

wildtype NOD mice (26). Therefore, additional mechanisms unique to IL-27 signaling are 

likely responsible for the effects of IL-27 on islet-infiltrating CD8 T cells.

Previous in vitro studies have shown that IL-27 signaling through STAT1 in CD8 T 

cells promoted synergistic upregulation of IFNγ production with IL-12 via upregulation 

of IL-12Rβ2 expression (23). Interestingly, in the context of systemic inflammation, it 

has been shown that downregulation of TCF1 during CD8 T cell cycling facilitates 

effector differentiation and is mediated via IL-12Rβ2/STAT4 signaling (83). Therefore, it 

is plausible that direct IL-27 signaling via STAT1 in islet-infiltrating CD8 T cells leads 

to downregulation of TCF1 expression via enhanced IL-12Rβ2 signaling. Although STAT1­

deficient NOD mice are completely protected from T1D, NOD mice globally deficient 

in IL-12 still develop T1D (84, 85). Therefore, a novel mechanism likely underlies the 

effect of direct IL-27 signaling on the phenotype and function of islet-infiltrating CD8 T 

cells. Interestingly, a recent study analyzing the gene expression profiles of CD8 T cells 

stimulated in the presence or absence of IL-27 reported that Batf and Prdm1 were among 

the transcriptions factors significantly upregulated in response to IL-27 stimulation, whereas 

Tcf7 and Elk4 were among the transcription factors that were significantly downregulated 

in response to IL-27 stimulation (86). Given that we identified Batf and Prdm1 as signature 

regulons underlying the effector CD8 T cell state and Tcf7 and Elk4 as signature regulons 

underlying the progenitor-like CD8 T cell state in the pancreatic islets, IL-27 signaling 

may promote the differentiation of CD8 T cells during the progression of T1D by directly 

targeting key transcription factors. Future studies aimed at elucidating the specific signaling 

pathways downstream of IL-27 in autoreactive CD8 T cells are warranted.

Recently, two other studies utilizing scRNA-seq to analyze islet-infiltrating immune cells in 

NOD mice also described transcriptional heterogeneity among CD8 T cells (87, 88). Similar 

to our finding, the authors identified naïve, cycling, effector, and memory CD8 T cells as 

well as “exhausted” TCF1+ and TCF1− populations expressing inhibitory receptors. Our in 
vitro and in vivo studies provide additional information by showing the lineage relationship 
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of functionally distinct CD44highTCF1+CXCR6− progenitors and CD44highTCF1−CXCR6+ 

terminally differentiated effectors, and that the presence of both populations is important for 

T1D progression. As CD8 T cell differentiation is a continuous process, it is most likely that 

cells within our CD44highTCF1+CXCR6− and CD44highTCF1−CXCR6+ populations can be 

further phenotypically and functionally refined. A limitation in these scRNA-seq studies 

is the lack of information regarding T cell specificity. Our flow cytometry data confirmed 

the existence of the CD44highTCF1+CXCR6− progenitors and CD44highTCF1−CXCR6+ 

terminally differentiated effectors among IGRP206–214-reactive CD8 T cells in the pancreatic 

islets. Additionally, we found that the relative proportion of CD44highTCF1−CXCR6+ 

effector cells was significantly higher among the IGRP206–214-reactive compared to other 

CD44high CD8 T cells. This result supports the likelihood that another layer of control 

of differentiation states within the islet-infiltrating CD8 T cells is conferred by antigen 

specificity.

In conclusion, we identified functional heterogeneity among islet-infiltrating CD8 T 

cells. Furthermore, we revealed a hierarchical structure of islet-infiltrating CD8 T cell 

differentiation and uncovered an important role for IL-27 signaling in this process. 

Completely defining the mechanisms underlying islet autoreactive CD8 T cell differentiation 

will have important implications for the development of targeted immunotherapies for T1D.
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Key Points

1. Functionally distinct subsets of CD8 T cells infiltrate islets in type 1 diabetes.

2. Self-renewing islet CD44highTCF1+ CD8 T cells maintain the autoreactive 

response.

3. IL-27 modulates the differentiation of islet-infiltrating CD8 T cell subsets.
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Figure 1. scRNA-seq reveals transcriptional heterogeneity of islet-infiltrating CD8 T cells.
(A) t-SNE plot of four distinct CD8 T cell clusters in pancreatic islets of NOD mice 

using cells from both 7- and 12-week-old animals. (B) Proportionality of islet-infiltrating 

CD8 T cell clusters. Tandem t-SNE plots depict four cell clusters present in the 7- or 

12-week-old CD8 T cells (Left). The bar plot shows the frequency of cells within each 

cluster (Right). The number within each bar indicates the absolute cell number for the 

cluster. (C) The heatmap of the top 100 differentially expressed genes in each cell cluster. 

The color scale represents the z-score distribution. (D) Violin plots depicting the expression 

of select molecules. (E) Volcano plot of differentially expressed genes identified in cluster 2 

compared to cluster 3. Red symbols represent genes of an average log fold-change >0.25 and 

an adjusted p-value <0.05. Labeled genes have an average log fold change ≥0.6 and adjusted 

p-value <0.01. (F) Violin plots illustrating enrichment (module scores) of virus-specific 
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progenitor-like or terminally differentiated effector CD8 T cell gene signatures. Statistical 

significance was determined with Wilcoxon rank-sum test.
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Figure 2. SCENIC analysis reveals differential gene regulatory network activity in islet­
infiltrating CD8 T cell subsets.
scRNA-seq data from islet-infiltrating CD8 T cells was analyzed using SCENIC. (A) A 

t-SNE plot depicts the distribution of cells based on regulon activity. Cells are colored based 

on their membership in the 4 clusters defined in Figure 1 (Red = cluster 1, naive; Green 

= cluster 2, progenitor-like; Blue = cluster 3, terminally differentiated effector; Purple = 

cluster 4, cycling cells). (B) The heatmap of the top 20 differentially expressed regulons in 

each of the four cell clusters. The color scale represents the z-score distribution of regulon 

activity. The numbers in the parentheses represent the number of target genes in the regulon. 

The regulon names that include “_extended” denote transcription factors which have been 

linked to targets based on inclusion of lower confidence annotations inferred by motif 

similarity. (C) A volcano plot depicts differentially expressed regulons identified in cluster 

2 compared to cluster 3. Blue symbols represent regulons upregulated in cluster 3 with 

an FDR <0.001. Green symbols represent regulons upregulated in cluster 2 with an FDR 
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<0.001. The top 10 upregulated regulons in each cell cluster are labeled. For the purpose 

of determining the top 10 upregulated regulons in each cell cluster, the main and extended 

regulons of a particular transcription factor were considered as a single regulon. (D) Violin 

plots depict the regulon activity enrichment in each cell cluster for select regulons. (E-F) 

Gene regulatory network models depict the interaction between key transcription factors 

identified by the SCENIC analysis and their target genes also listed as cell subset signature 

genes in Table S1 (Up to 10 target genes per transcription factor are shown based on average 

log fold change in each cell subset). The key transcription factors for each CD8 T cell 

subset are highlighted in green (cluster 2, progenitor-like) and blue (cluster 3, terminally 

differentiated effector). The cell subset signature genes are highlighted in yellow. The 

transcription factor-target interactions are indicated by black arrows.
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Figure 3. Expression of CD44, SLAMF6, and CXCR6 defines three subsets of islet-infiltrating 
CD8 T cells.
(A) Representative flow cytometry plots depicting the gating strategy of three CD8 T cell 

subsets and the corresponding expression of TCF1 (B), LAG3 (C), PD-1(D), TIM3 (E), and 

granzyme B (F) in pancreatic islets of 10–13-week-old female NOD mice. The black line 

with grey shaded area shown in the histogram of panel (F) represents the isotype control 

staining of CD44high CD8 T cells. For granzyme B expression, the cells were stimulated ex 
vivo with PMA and ionomycin. Cells are gated on single viable CD45.1+CD3+CD4−CD8+ 

cells. Summarized geometric mean fluorescent intensity (MFI) results are from 2–3 

independent experiments. Each symbol represents islet cells pooled from two mice (n=5 

pools/group). The horizontal line indicates the mean. *p<0.05, **p<0.01 by Wilcoxon 

rank-sum test. (G) CD8 T cell subsets among NRP-V7 MHC-I tetramer positive and 

negative cells harvested from islets of 7–12-week-old female NOD mice. Cells are initially 

gated on single viable CD45.1+CD3+CD4−CD8+ cells. Representative flow cytometry plots 

depicting the CD8 T cell subset gating strategy are shown (Left). The relative proportion 

of TCF1+CXCR6− and TCF1−CXCR6+ CD8 T cells among CD44high MHC-I tetramer 

positive and negative cells is summarized (Right). Results are combined from 3 independent 

experiments. Each symbol represents a mouse, and the horizontal line is the mean. 

**p<0.01, ***p<0.001, ****p<0.0001 by Wilcoxon rank-sum test.
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Figure 4. Islet-infiltrating CD44highSLAMF6+CXCR6− progenitor-like CD8 T cells give rise to 
TCF1−CXCR6+ CD8 T cells to promote diabetes development.
(A) Diagram depicting experimental design (Left) and the cell sorting strategy (Right). CD8 

T cell subsets were sorted from 12–15-week-old non-diabetic (NOD × NOD.Cd45.2)F1 

females, independently mixed at a 1:200 ratio with NOD.Tnfrsf9−/− splenocytes, and 

transferred into NOD.Rag1−/− recipients. (B) The absolute numbers of adoptively transferred 

CD45.2+ CD8 T cells in the spleen, PLN, and islets of recipient mice at 7 weeks post­

transfer. Results are summarized from 3 independent experiments. Each symbol represents 

an individual recipient mouse, and the horizontal line depicts the mean (n=4–5/group). 

*p<0.05, **p<0.01, NS: not significant by Wilcoxon rank-sum test. (C) The phenotype of 

the adoptively transferred CD45.2+ CD8 T cells in the islets of recipient mice at 7 weeks 

post-transfer. Representative flow cytometry plots of 3 independent experiments are shown 

(n=4–5/group). (D) Histological analysis of pancreata in the non-diabetic recipient mice 

at 16 weeks post-transfer. Pancreatic islets were scored for insulitis: 0: no infiltration, 
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1: peri-insulitis, 2: ≤25% β cell loss, 3: between 25–75% β cell loss, and 4: >75% 

β cell loss. Summarized results depict the proportion of islets of each insulitis score 

in recipient mice. Results are from 3 independent transfer experiments (n=4 mice per 

group). The total number of islets analyzed in CD44low, CD44highSLAMF6+CXCR6−, and 

CD44highSLAMF6−CXCR6+ islet CD8 T cell recipients are 120, 119, and 119 respectively. 

***p<0.0005 by Chi-squared test with Benjamini-Hochberg correction. (E) Representative 

flow cytometry plots depicting active caspase 3 expression in the CD8 T cell subsets in 

pancreatic islets of 10–12-week-old female NOD mice. Summarized frequency results are 

from 2 independent experiments. Each symbol represents islet cells pooled from two mice 

(n=5 pools/group). The horizontal line indicates the mean. *p<0.05, **p<0.01 by Wilcoxon 

rank-sum test.
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Figure 5. IL-27 signaling promotes the differentiation of islet-infiltrating CD8 T cells from the 
CD44highSLAMF6+CXCR6− progenitor-like subset to TCF1−CXCR6+ terminally differentiated 
effectors.
(A) Diagram depicting the experimental design. CD8 T cell subsets were sorted as in 

Figure 4A from the islets of 12–16-week-old non-diabetic females. (B) Representative 

flow cytometry plots depicting the phenotypes of sorted islet CD8 T cells after 3 days of 

culture. (C) CD8 T cell subset distributions summarized from 5 biological replicates in 3 

independent experiments. Each symbol is an individual sample. The horizontal line depicts 

the mean. *p<0.05, **p<0.01 by Wilcoxon rank-sum test. (D) Cell expansion after 3 days of 

culture. Fold change in total cell number was calculated by dividing the total cell number on 

day 3 by the input cell number. The error bar represents the standard error of the mean. Data 

are pooled from 3 biological replicates in 2 independent experiments. *p<0.05, **p<0.01 by 

two-sample t test.
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Figure 6. CD8 T cell-intrinsic IL-27 signaling promotes the generation of the terminally 
differentiated CD44highSLAMF6−CXCR6+ subset in pancreatic islets.
(A) Diagram depicting the experimental design. (B) Representative flow cytometry profiles 

of wildtype (WT) and Il27ra−/− CD8 T cells. Cells are initially gated on single, viable, 

CD45.2+ (WT) or CD45.1+ (Il27ra−/−) CD3+CD8+ cells. (C) The proportions of CD44high 

(Left) and CD44low (Right) among WT and Il27ra−/− CD8 T cells. (D) The frequencies of 

SLAMF6+CXCR6− (Left) and SLAMF6−CXCR6+ (Right) subsets among WT and Il27ra−/− 

CD44high CD8 T cells. Summarized data are from 2 independent experiments (n=9/group). 

**p<0.01, NS: not significant by Wilcoxon signed-rank test.
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