

[image: Footprint of pancreas infiltrating and circulating immune cells throughout type 1 diabetes development]
Footprint of pancreas infiltrating and circulating immune cells throughout type 1 diabetes development





ORIGINAL RESEARCH

published: 10 November 2023

doi: 10.3389/fendo.2023.1275316

[image: image2]


Footprint of pancreas infiltrating and circulating immune cells throughout type 1 diabetes development


Ylke Bruggeman 1, Pieter-Jan Martens 1, Gabriele Sassi 1, Marijke Viaene 1, Clive H. Wasserfall 2, Chantal Mathieu 1 and Conny Gysemans 1*


1 Clinical and Experimental Endocrinology, Department of Chronic Diseases and Metabolism (CHROMETA), KU Leuven, Leuven, Belgium, 2 Diabetes Institute, Department of Pathology, Immunology and Laboratory Medicine, University of Florida, Gainesville, FL, United States




Edited by: 

Georgia Fousteri, San Raffaele Hospital (IRCCS), Italy

Reviewed by: 

Reinaldo Sousa dos Santos, Miguel Hernández University of Elche, Spain

Joanne Boldison, University of Exeter, United Kingdom

*Correspondence: 

Conny Gysemans
 conny.gysemans@kuleuven.be


Received: 09 August 2023

Accepted: 09 October 2023

Published: 10 November 2023

Citation:
Bruggeman Y, Martens P-J, Sassi G, Viaene M, Wasserfall CH, Mathieu C and Gysemans C (2023) Footprint of pancreas infiltrating and circulating immune cells throughout type 1 diabetes development. Front. Endocrinol. 14:1275316. doi: 10.3389/fendo.2023.1275316






Introduction

Type 1 diabetes (T1D) is defined by immune cell infiltration of the pancreas, in particular the islets of Langerhans, referred to as insulitis, which is especially prominent during the early disease stages in association with decreased beta cell mass. An in-depth understanding of the dynamics and phenotype of the immune cells infiltrating the pancreas and the accompanying changes in their profiles in peripheral blood during T1D development is critical to generate novel preventive and therapeutic approaches, as well as to find biomarkers for the disease process.





Methods

Using multi-parameter flow cytometry, we explored the dynamic changes of immune cells infiltrating the pancreas and the pancreatic draining lymph nodes (PLN), compared to those in peripheral blood in female and male non-obese diabetic (NOD) mice during T1D progression.





Results

The early stages of T1D development were characterized by an influx of innate dendritic cells and neutrophils in the pancreas. While dendritic cells seemed to move in and out (to the PLN), neutrophils accumulated during the pre-symptomatic phase and reached a maximum at 8 weeks of age, after which their numbers declined. During disease progression, CD4+ and CD8+ T cells appeared to continuously migrate from the PLN to the pancreas, which coincided with an increase in beta cell autoimmunity and insulitis severity, and a decline in insulin content. At 12 weeks of age, CD4+ and especially CD8+ T cells in the pancreas showed a dramatic shift from naïve to effector memory phenotype, in contrast to the PLN, where most of these cells remained naïve. A large proportion of pancreas infiltrating CD4+ T cells were naïve, indicating that antigenic stimulation was not necessary to traffic and invade the pancreas. Interestingly, a pre-effector-like T cell dominated the peripheral blood. These cells were intermediates between naïve and effector memory cells as identified by single cell RNA sequencing and might be a potential novel therapeutic target.





Conclusion

These time- and tissue-dependent changes in the dynamics and functional states of CD4+ and CD8+ T cells are essential steps in our understanding of the disease process in NOD mice and need to be considered for the interpretation and design of disease-modifying therapies.
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1 Introduction

Type 1 diabetes (T1D) results from the immune-mediated destruction of the insulin-producing beta cells, leading to insulin deficiency and ensuing hyperglycemia (stage 3). Disease onset is preceded by a long pre-symptomatic phase with the manifestation of beta cell autoimmunity initially without (stage 1), and eventually with dysglycemia (stage 2) (1). The appearance of islet cell autoantibodies defines the earliest stage of pre-symptomatic diabetes and is indicative of islet immune infiltration, known as insulitis. How and when benign autoimmunity transitions to destructive intra-insulitis is still not completely understood, but it is speculated that circulating naïve-like autoreactive CD8+ T cells eventually become activated and extravasate into the pancreas by both beta cell- and immune-related factors (2). Various immune cell types, including neutrophils, dendritic cells (DCs), macrophages, T and B lymphocytes have been shown to infiltrate the pancreas of those developing T1D with different spatiotemporal dynamics (3–7). Despite the characteristic disease stages, there exists substantial heterogeneity amongst individuals developing T1D that defines the inconsistency in rate of progression and disease severity, and may also account for varying rates of success in clinical trials assessing disease-modifying strategies in the prevention and reversal of T1D. A greater appreciation of T1D heterogeneity achieved from a more intricate understanding of the immunopathogenesis at the level of the targeted pancreas would allow for better prognoses for those developing T1D and may additionally allow for the design and development of personalized medicine.

While our knowledge of the circulating immune signatures during T1D progression and during immunotherapies in either stage 2 or 3 is rapidly evolving (8–10), little is known on the equivalent pancreas infiltrating subtypes that contribute to beta cell damage and decay. CD8+ T cells are the most abundant lymphocytes in human insulitic islets (3), and both polyclonal and islet specific CD8+ T cells, with an effector/memory phenotype, have been shown to be more prevalent in the pancreas of individuals with T1D than in those at-risk or healthy controls (11). Yet, data on deeper CD8+ T cell subtyping or activation states that may drive the autoreactive responses during T1D progression are largely absent. Also, in the non-obese diabetic (NOD) mouse model, which shares many genetic and immunological features with the human T1D, T cells dominate the pancreatic lesions (12). In addition, neutrophils have been detected in the pancreas in both murine and human T1D during the early stages of disease development, even before autoantibody positivity (5, 13). Neutrophils were mostly detected in the exocrine pancreas, suggesting that also the non-islet pancreatic tissue may be involved in T1D development. In this regard, CD8+ T cells were also detected in the exocrine pancreas of T1D individuals without the presence of prominent insulitis (14).

Although the development of high-end technologies has greatly empowered our knowledge, the scarcity of human sample availability remains a major hurdle for studying the immunopathogenesis of human T1D (6, 7). Consequently, the NOD mouse offers the unique opportunity to investigate the ongoing autoimmune responses locally in the pancreas and its draining lymph nodes and to compare these immune footprints at every disease stage with those in the circulation. Moreover, as in human T1D, not all mice go through the different disease stages with similar kinetics.

Here, we performed an in-depth characterization by multi-parameter flow cytometry of the immune system in paired pancreas, draining lymph nodes, and peripheral blood samples from female and male NOD mice during T1D progression (from 2 weeks of age until disease onset). We further interrogated with Cellular Indexing of Transcriptomes and Epitopes (CITE)-sequencing the transcriptional phenotype of pancreatic CD4+ and CD8+ naïve and memory T cells compared to those in the circulation.




2 Research design and methods



2.1 Animals

NOD/ShiLtJ mice and NOD.CB17-Prkdcscid/J (NOD/scid) of both genders were purchased from Jackson Laboratory (Bar Habor, ME), kept under semi-barrier conditions, and housed according to protocols approved by the KU Leuven Animal Care and Use Committee (Leuven, Belgium; project number P068/2019). NOD mice were screened three times a week for glycosuria (Diastix; Ascensia Diabetes Care, Machelen, Belgium) and consequently considered diabetic if non-fasting blood glucose values exceeded 200 mg/dL for two consecutive days (AccuCheck, F. Hoffmann-La Roche Ltd., Basel, Switzerland).




2.2 Insulitis

Five µM sections from formalin-fixed, paraffin-embedded pancreas were collected 50 µM apart and stained with hematoxylin-eosin (H&E). Samples were scored by two independent investigators with light microscopy at resolution 20× and 40×. The following scoring was applied: 0, no infiltration; 1, peri-insulitis; 2, mild insulitis (lymphocyte infiltration in <50% of the islet); 3, severe insulitis (lymphocyte infiltration in >50% of the islet); and 4, completely destroyed.




2.3 Insulin content

Pancreas was homogenized in acidic ethanol (91% ethanol, 9% 1 M H3PO4), incubated overnight at 4°C and sonicated. Insulin concentration in the supernatant was determined by ELISA (Mercodia, Uppsala, Sweden) and normalized to pancreas weight.




2.4 Intraperitoneal glucose tolerance tests

After six hours of fasting, mice were challenged with an intraperitoneal injection of 2 g/kg glucose solution. Blood glucose levels were measured before, and 15, 30, 60, 90, and 120 min after the injection.




2.5 Insulin autoantibodies

Serum was obtained from heparinized blood taken by submandibular bleeding and the insulin autoantibody (IAA) titer was subsequently measured using luciferase immunoprecipitation systems (LIPS) assay as described (15).




2.6 Multi-color flow cytometry

For the time-course flow cytometry experiments, female and male NOD mice from 2 to 16 weeks of age and new onset diabetic mice were randomly sampled over time and peripheral blood, pancreatic draining lymph nodes (PLN), and pancreas were collected and processed into single cell suspensions prior to staining. Pancreas was minced into small pieces with blades, followed by enzymatic digestion with collagenase at 37°C and purification with 40% Percoll. Peripheral blood was collected in heparin and red blood cells were lysed with NH4Cl at 37°C. PLN were crushed through a 70 µM cell strainer. Single cell suspensions were stained with the following antibodies: CD44 (IM7, 11-0441-81, eBioscience, Thermo Fisher Scientific, Waltham, MA), Ly6G (1A8, 551461, BD Pharmigen – BD Biosciences, Franklin Lakes, NJ), CD11b (M1/70, 550993, BD Pharmigen), CD11c (N418, 25-0114-82, BD Pharmigen), CD62L (MEL-14, 17-0621-83, BD Pharmigen), CD4 (GK1.5, 560181, BD Pharmigen), and CD8a (53-6.7, 48-0081-82, eBioscience, Thermo Fisher Scientific). Zombie Aqua™ (Biolegend, San Diego, CA) was used as viability marker. Prior to acquisition, CountBright™ Absolute Counting Beads (C36950, Thermo Fisher Scientific) were added to the samples for quantitation. Cells were acquired with BD Canto AIG and analyzed with FCS 7 Express software (De Novo, Pasadena, CA). All analyses were performed on viable singlets as outlined in the gating strategy (Figure S1).




2.7 Single cell RNA sequencing of peripheral blood and pancreas infiltrating immune cells



2.7.1 CD45+ sorting, library preparation, CITE-sequencing

For CITE-sequencing (16), single cell suspensions from peripheral blood and pancreas of four male NOD mice with new-onset disease were prepared according to the procedures outlined above. Cells were labeled using the Biolegend cell hashing protocol (TotalSeq™-A Antibodies and Cell Hashing). Briefly, cells were incubated for 10 min with Fc block, and for 30 min at 4°C with 190 barcoded TotalSeq™-A antibodies (Biolegend) and CD45 antibody (clone 30-F11, Thermo Fisher Scientific). Live CD45+ cells were sorted with BD FACS Aria™ II cell sorter (BD Biosciences). After sorting, cells were resuspended in 0.04% BSA in PBS at 1,000 cells/μL and loaded on a GemCode Single-Cell Instrument (10X Genomics, Pleasanton, CA; target recovery of 10,000 cells). Single cell RNA sequencing libraries were prepared with GemCode Single-Cell 3′ V3.1 Gel Bead and Library Kit (10X Genomics) according to the manufacturer’s protocol. The cDNA amplification mix was modified to include ADT PCR additive primer (5’-CCTTGGCACCCGAGAATT*C*C-3’ where * indicates a phosphonothioate bond) and HTO PCR additive primer (5’-GTGACTGGAGTTCAGACGTG TGC*T*C-3’). SPRIselect Reagent kit (Beckman Coulter, Brea, CA) was used for size selection of amplified cDNA for the construction of 3’ gene expression and cell surface protein libraries. Libraries were sequenced on an Illumina HiSeq4000 flow cell at VIB Nucleomics Core (Leuven, Belgium).




2.7.2 Single cell clustering, subsetting and trajectory analysis

Raw sequencing reads were demultiplexed using the Cell Ranger pipeline (10X Genomics) to generate gene expression and cell surface protein matrices. These matrices were further processed to create a Seurat object (Seurat v4.3.0) in R (v4.2.2) (17). Cells expressing >200 genes were retained. Subsequent filtering based on the number of features, unique molecular identifiers (UMIs) and percentage of mitochondrial genes, yielded a final object with 38,648 cells, 24,795 features and 190 protein surface markers. mRNA count matrix was normalized with “LogNormalize”, protein surface marker matrix was normalized with “CLR”. Uniform Manifold Approximation and Projection (UMAP) and clustering (FindClusters, Louvain algorithm) was performed. Cell type identities were annotated based on the expression of canonical protein and gene markers (Figures S2A–C). T cell subsetting was performed based on Cd4, Cd8a, Cd44, and Sell gene expression levels (Figure S3). Trajectory analysis and pseudotime ordering was performed with the Slingshot package. Clusters annotated based on the expression level of Cd44 and Sell were used as an input to identify trajectories.




2.7.3 Differential gene expression analysis

Differential expressed genes (DEGs) were identified using “FindAllMarkers” and “FindMarkers” from the Seurat software package. DEGs were defined by Wilcoxon Rank Sum Test with default LogFC threshold of 0.25 only testing genes that show a minimum of 25% difference between the groups. P-value adjustment was performed using Bonferroni correction. Volcano plots depict DEGs with a LogFC >0.5 and adjusted P-values <0.001.





2.8 Statistics

Statistical analyses were performed using GraphPad Prism software (v9.0)(GraphPad Software, LLC., San Diego, CA). Significant differences were determined by Kruskal-Wallis or Mann–Whitney U test. P-values ≤ 0.05 were considered significant (* ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001, **** ≤ 0.0001). Violin plots represent the data as the median with interquartile ranges. Outliers were removed using the ROUT (Q=1%) method.





3 Results



3.1 Murine type 1 diabetes develops over distinct stages characterized by progressive immune infiltration and loss of beta cell function

At the outset, we assessed islet immune infiltration and beta cell function by histology and glucose tolerance tests, respectively, in the present NOD cohort. We evaluated three time-points, reflecting the major disease stages: 6 weeks of age, 12 weeks of age, and disease onset. Sex-matched lymphocyte-deficient NOD/scid mice of 12 weeks of age were used as diabetes-resistant congenic control. Islet immune infiltration in both female and male NOD mice significantly progressed during disease development (Figures 1A, B). At 6 weeks of age, most of the islets were still insulitis-free (Figures 1B, C), whereas at 12 weeks of age, intra-islet immune infiltration increased (Figures 1B, D). Despite being inbred, a large interindividual variability in both the proportion of insulitis-free islets (between 5 and 100%) and the severity of the insulitic lesion (between 2 and 30% severely infiltrated islets) could be observed in 12-week-old female and male NOD mice (Figures 1C, D). Upon disease onset, insulitis-free islets were absent, and most islets were severely infiltrated or fully destroyed (Figures 1B–D). Ongoing beta cell autoimmunity during the pre-symptomatic phase was reflected by the appearance of IAA, which reached peak values at disease onset (Figure 1E). Pancreas insulin content inversely correlated with the degree of insulitis during disease progression (Figure 1F). Even though 6-week-old NOD mice were devoid of insulitis, their insulin content per milligram of pancreas was already significantly lower compared to insulitis-free NOD/scid mice (>10-fold decrease) (Figure 1F), yet they still had a normal intraperitoneal glucose tolerance test (Figure 1G). At disease onset, the insulin content was nearly zero (>500-fold decrease compared to NOD/scid) (Figure 1F), which was reflected by an aberrant glucose tolerance test (Figure 1G).




Figure 1 | Progressive immune infiltration and loss of beta cell function over the course of disease. Islet immune infiltration and beta cell function was assessed in 6-week-old (6w), 12-week-old (12w), and new-onset (NO) diabetic female (filled circles) and male (empty circles) NOD mice. 12-week-old NOD/scid mice (NODscid) were used as diabetes-resistant congenic control. (A) Representative images of H&E-stained islets with the following scoring: (0) no insulitis, (1) peri-insulitis, (2) mild insulitis (<50% of the area), (3) severe insulitis (>50% of the area), and, completely destructed (4). (B) Percentage of scored islets with defined degree of insulitis. (C) Percentage of insulitis-free and (D) of severely infiltrated islets. (E) Islets autoantibodies (IAA) titers in the circulation measured by LIPS. (F) Insulin content per milligram of pancreas measured by ELISA. (G) Area under the curve (AUC) of blood glucose levels upon intraperitoneal glucose tolerance testing (IPGTT). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.






3.2 Dendritic cell trafficking to the draining lymph nodes and neutrophil accumulation in the pancreas

We evaluated CD11b+CD11c+ dendritic cell (DC) and CD11b+Ly6G+ neutrophil trafficking in the pancreas, PLN, and peripheral blood with flow cytometry in both female and male NOD mice between 2 and 16 weeks of age and at disease onset (Figure 2). These results revealed that DC numbers fluctuated in waves in the pancreas throughout disease development, with peaks at 4, 8, and 14-16 weeks of age (Figure 2A). Notably, DC influxes in the pancreas were consistently preceded by increased DC numbers in the PLN (Figure 2B), whereas circulating DC numbers remained constant (Figure 2C). These data suggest dynamic DC trafficking between the pancreas and its draining lymph nodes throughout disease development. In contrast, neutrophils accumulated in the pancreas in the early stages of the disease, until 8 weeks of age, where after absolute numbers declined (Figure 2A), and they were absent in the PLN (Figure 2B). Of note, neutrophil infiltration in the pancreas was not reflected by a concomitant reduction in circulating neutrophil numbers (Figure 2C). Taken together, these results demonstrate dynamic DC trafficking between the pancreas and the draining lymph nodes and neutrophil accumulation in the pancreas during early disease stages. Additionally, we observed no major differences in dynamics between female and male NOD mice.




Figure 2 | Dendritic cell and neutrophil trafficking throughout disease development. DCs (CD11b+CD11c+) and neutrophil (CD11b+ CD11c-Ly6G+) numbers in paired (A) pancreas, (B) pancreatic lymph nodes (PLN), and (C) peripheral blood samples from female (filled circles) and male (empty circles) NOD mice of 2 to 16 weeks of age (2w – 16w) and new-onset (NO) diabetic mice were determined with flow cytometry. Data represented as violin plots with median lines visualizing the dynamic profiles over time. Each dot represents an individual mouse. Significant differences between female and male mice are indicated: * p < 0.05, ** p < 0.01.






3.3 Massive increase in pancreatic T cell numbers during late-stage pre-symptomatic diabetes

We also tracked CD4+ and CD8+ T cells in the pancreas, PLN, and peripheral blood during T1D development (Figure 3). The first CD4+ T cells already infiltrated the pancreas at 4 weeks of age and CD4+ T cell numbers accumulated over time (Figure 3A). CD8+ T cells infiltrated the pancreas later than CD4+ T cells, as the first CD8+ T cells appeared in the pancreas of 6-week-old NOD mice. Similar to CD4+ T cells, CD8+ T cell numbers accumulated over time. However, CD4+ T cells dominated the T cell pool in the pancreas throughout development (Figure 3A). Notably, T cell accumulation in the pancreas emerged in two phases. In the early stages of disease development, T cell numbers gradually accumulated, whereas later in the disease course, T cell numbers massively increased in the pancreas. Notably, the time-point in the disease course when this T cell expansion manifested, varied between mice. This T cell expansion was observed from 12 weeks of age onwards. However, whereas for some 12-week-old mice, pancreatic T cell numbers already largely increased, for others, the pancreas was still largely T cell-free (Figure 3A). At disease onset, the number of CD4+ and CD8+ T cells in the pancreas decreased (Figure 3A). Comparable to the pancreas, CD4+ T cells largely dominated the T cell pool in the PLN (Figure 3B). In contrast to T cell accumulation in the pancreas, CD4+ and CD8+ T cell numbers in the PLNs fluctuated in waves over the course of disease with peaks at 3, 6 and 12 weeks of age, more resembling the dynamics of DC infiltration in the PLNs. In the circulation, the number of CD4+ and CD8+ T cells per µL of blood remained constant in the early stages of disease development (Figure 3C). Concomitant with the increased numbers of T cells in the pancreas, the number of circulating T cells increased at 12 weeks of age. Similar to the dynamics of the innate immune cells, gender had no major impact on T lymphocyte trafficking during disease development. Overall, these results demonstrated continuous CD4+ and CD8+ T cell trafficking between the pancreas and its draining lymph nodes during disease progression and massive T cell accumulation in late-stage pre-symptomatic diabetes, which was reflected by increased circulating T cell numbers.




Figure 3 | CD4+ and CD8+ T cell trafficking throughout disease development. CD4+ and CD8+ T cell numbers in paired (A) pancreas, (B) pancreatic lymph nodes (PLN), and (C) peripheral blood from female (filled circles) and male (empty circles) NOD mice of 2 to 16 weeks of age (2w – 16w) and new-onset (NO) diabetic mice were determined with flow cytometry. Data represented as violin plots with median lines visualizing the dynamic profiles over time. Each dot represents an individual mouse. Significant differences between female and male mice are indicated: * p < 0.05.






3.4 A pancreas-specific shift towards T cell effector memory phenotype

Our data indicated that the first T cells infiltrated the pancreas in early stages of disease development and massively accumulated in the pancreas of late-stage pre-symptomatic mice. In addition to the T cell dynamics, we were also interested in the phenotype of circulating and pancreas infiltrating T cells throughout disease development. Therefore, we determined the T cell activation state based on the expression of CD44 and CD62L. We defined naïve (CD44lowCD62L+), effector memory (CD44highCD62L-), central memory (CD44highCD62L+), and CD44lowCD62L- T cells. These data indicated that a large and relatively constant fraction of the CD4+ T cells infiltrating the pancreas throughout disease development were of a naïve phenotype ( ± 40% of CD4+ T cells) (Figure 4A). Additionally, the frequency of effector memory CD4+ T cells in the pancreas increased over the course of disease (Figure 4A). As a result, the increase of CD4+ T cell numbers observed in the pancreases of 12- to 16-week-old mice (Figure 3A) originated from an expansion of both naïve and effector memory T cells (Figure 4D). Interestingly, the shift towards a CD4+ effector memory phenotype appeared to be specific to the pancreas, as the circulation was largely dominated by naïve and CD44lowCD62L- CD4+ T cells (Figure 4B), and the frequency and numbers of circulating effector memory CD4+ T cells remained low over time (Figures 4B, E). Upon CD4+ effector memory expansion in the pancreas (around 12 to 16 weeks of age), the numbers of CD44lowCD62L- CD4+ T cells in the circulation increased (Figure 4E). In the PLN, the majority of the CD4+ T cell pool was naïve ( ± 90%) (Figure 4C). Notably, some mice deviated from this trend and presented a high frequency of CD44lowCD62L- CD4+ T cells instead. In line with a pancreas-specific shift towards an effector phenotype, low frequencies, and numbers of effector memory CD4+ T cells were observed over time in the PLN (Figures 4C, F).




Figure 4 | CD4+ T cell phenotype in the pancreas and periphery throughout disease development. Percentage of CD4+ naïve (CD44low CD62Lhigh), effector memory (CD44high CD62Llow), central memory (CD44high CD62Lhigh), and CD44low CD62L- T cells in paired (A) pancreas, (B) peripheral blood, and (C) pancreatic lymph nodes (PLN) from female (filled circles) and male (empty circles) NOD mice of 2 to 16 weeks of age (2w – 16w) and new-onset (NO) diabetic mice were determined with flow cytometry. Data represented as violin plots with median lines visualizing the dynamic phenotypic shifts over time. Each dot represents an individual mouse. Number of CD4+ naïve, effector memory, central memory and CD44low CD62L- T cells in the (D) pancreas, (E) peripheral blood, and (F) pancreatic lymph nodes from female and male NOD mice of 2 to 16 weeks of age (2w – 16w) and new-onset (NO) diabetic mice. Data is represented as median stacked bars.



In contrast to the constant pool of naïve CD4+ infiltrating T cells, CD8+ infiltrating T cells lost their naiveness over time and shifted completely towards an effector memory phenotype (Figure 5A). The first CD8+ T cells infiltrated the pancreas between 4 and 6 weeks, and already at this early disease stage, around 40% of CD8+ T cells were effector memory cells (Figure 5A). The phenotypic shift to the CD8+ effector memory, combined with the CD8 T cell expansion in the pancreases of 12- to 16-week-old mice (Figure 3A), resulted in a massive accumulation of CD8+ effector memory T cells during late-stage pre-symptomatic diabetes (Figure 5D). Circulating CD8+ T cells also lost their naiveness over disease progression (Figure 5B). However, identical to CD4+ T cells, the shift to effector memory phenotype was confounded to the pancreas, and the circulation was dominated by CD44lowCD62L- CD8+ T cells instead (Figures 5B, E). Further supporting a pancreas-specific shift, the frequency, and numbers of circulating effector memory CD8+ T cells remained low throughout the disease course. In the PLN, the majority of CD8+ T cells were naïve, and similar as observed in the pool of CD4+ T cells, some mice deviated from this trend and presented a high frequency of CD44lowCD62L- CD8+ T cells instead (Figures 5C, F). Overall, these data demonstrated a shift from naïve to effector memory T cell phenotype over the course of disease development. Interestingly, the circulation was nearly devoid of effector memory T cells, and dominated by CD44lowCD62L- T cells instead, indicating a pancreas-specific shift to effector memory phenotype and suggesting that an intermediate T cell activation state exists in the circulation.




Figure 5 | CD8+ T cell phenotype in the pancreas and periphery throughout disease development. Percentage of CD8+ naïve (CD44low CD62Lhigh), effector memory (CD44high CD62Llow), central memory (CD44high CD62Lhigh), and CD44low CD62L- T cells in paired (A) pancreas, (B) peripheral blood, and (C) pancreatic lymph nodes (PLN) from female (filled circles) and male (empty circles) NOD mice of 2 to 16 weeks of age (2w – 16w) and new-onset (NO) diabetic mice were determined with flow cytometry. Data represented as violin plots with median lines visualizing the dynamic phenotypic shifts over time. Each dot represents an individual mouse. Number of CD8+ naïve, effector memory, central memory and CD44low CD62L- T cells in the (D) pancreas, (E) peripheral blood, and (F) pancreatic lymph nodes from female and male NOD mice of 2 to 16 weeks of age (2w – 16w) and new-onset (NO) diabetic mice. Data is represented as median stacked bars.






3.5 Transcriptional signature of CD4+ and CD8+ T cell subsets in pancreas and peripheral blood at disease onset

To our surprise, we did not observe a shift to an effector memory T cell phenotype over time in the circulation, but identified a dominance of T cells expressing low levels of CD44 and CD62L instead. This prompted us to further investigate the biological significance of the different CD4+ and CD8+ T cell subsets classified based on the expression of CD44 and CD62L. To this extent, we performed CITE-sequencing on CD45+ pancreas infiltrating and peripheral blood immune cells from new-onset diabetic NOD mice. We obtained a total of 38,648 cells and 24,795 features and detected the major immune cell populations (Figure S2A). Cell type identity was assigned based on the expression of hallmark genes and surface markers (Figures S2B, C). Downstream analyses were focused on CD4+ and CD8+ expressing T cells (Figure S3A). A total of 3,924 CD4+ and 4,681 CD8+ cells pooled from peripheral blood and pancreas were obtained. Expression of hallmark genes revealed different activation states within the CD4+ and CD8+ T cell pool. For CD4+ T cells, these activation states included naïve cells, CD4-1 (Lef1, Ccr7), memory cells, CD4-2 (Itgb1), highly proliferating cells, CD4-3 (Mki67), and regulatory cells, CD4-4, including both classical (Foxp3+) and type 1 (Il-10, Lag3) (18). For CD8+ T cells, activation marker gene expression indicated naïve cells, CD8-1 (Lef1, Ccr7), effector memory cells, CD8-2 (Itgb1, Gzmk), and highly proliferating cells, CD8-3 (Mki67) (Figures 6A, B).




Figure 6 | Transcriptional signature of pancreas infiltrating and circulating CD4+ and CD8+ T cell subsets at disease onset. (A) UMAP plot of CD4+ and CD8+ T cells from peripheral blood and pancreas of new-onset diabetic NOD mice. (B) Feature plots depicting gene expression levels of distinct markers driving CD4+ and CD8+ T cell activation states. (C, D) UMAP plot of CD4+ (C) and CD8+ (D) T cells grouped by the annotation in A (left) and grouped by T cell subset classified based on the expression of Cd44 and Sell (right). EM = effector memory (Cd44+Sell-), CM = central memory (Cd44+Sell+), naïve (Cd44-Sell+), and CD44low CD62L- (Cd44-Sell-). (E, F) Heatmap depicting row-based z-scores of scaled gene expression levels for marker genes driving T cell heterogeneity across the distinct CD4+ (E) and CD8+ (F) T cell subsets. (G, H) Trajectory of CD4+ (G) and CD8+ (H) naïve, CD44low CD62L-, effector memory (EM), and central memory (CM) T cell subsets projected onto the UMAP plot (top). Violin plots depicting the pseudotime of CD4+ (G) and CD8+ (H) T cells per subset (bottom). Each dot represents a single cell. (I, J) Differentially expressed genes of CD4+ Cd44-Sell- (I) and CD8+ Cd44-Sell- (J) T cells between peripheral blood and pancreas.



Next, each CD4+ and CD8+ T cell was classified as either naïve, central memory, effector memory, or CD44low CD62L- based on the expression of Cd44 and Sell (encoding CD62L) (Figures 6C, D, S3B, C). We then evaluated the expression of distinct markers driving T cell heterogeneity in both CD4+ and CD8+ T cell subsets (Figures 6E, F). CD4+ and CD8+ naïve T cells expressed higher levels of Lef1, Txk, Tcf7, and the homing receptor Ccr7, which controls chemokine responsiveness to high endothelial venules (HEVs) and mediates homing to lymph nodes (19). CD4+ and CD8+ effector memory T cells, on the other hand, expressed higher levels of Itgb1 and Itga4, which are typically upregulated upon T cell activation. Similarly, genes implicated in T cell migration (Cxcr3, Cxcr6), T cell activation (Cd69, Ctla4), T cell differentiation (Ifng, Tbx21, Tox, Il7r), and T cell exhaustion (Pdcd1, Tigit, Lag3), were differentially expressed between naïve and effector memory T cells (Figures 6D, E). These transcriptional signatures confirm the naïve and effector memory state of CD44lowCD62L+ and CD44highCD62L- T cells, respectively. Remarkably, gene expression levels of CD44lowCD62L- T cells closely resembled those of effector memory T cells, but gene expression levels were not yet completely up- or downregulated compared to effector memory T cells. These results indicated that CD44lowCD62L- T cells exert a functional state prior to complete differentiation to the effector memory phenotype. In order to better understand the relationship between the CD4+ and CD8+ naïve, central memory, effector memory and CD44lowCD62L- T cell subsets, we performed trajectory analysis and pseudotime ordering. These analyses revealed, for both CD4+ and CD8+ T cells, a trajectory from naïve towards effector memory T cells, and located CD44lowCD62L- T cells in between these subsets (Figures 6G, H). Central memory T cells were positioned between naïve and effector memory T cells. Taken together, these analyses confirm the previous finding that CD44lowCD62L- T cells exert a functionally intermediate state between naïve and effector memory T cells.

The abundance of this functionally intermediate subset in the circulation and the phenotypic shift to effector memory in the pancreas suggests that CD44lowCD62L- T cells are further differentiated upon pancreas infiltration. Therefore, we performed DEG analyses between peripheral blood and pancreas. These results indicated distinct transcriptional profiles for CD44lowCD62L- CD4+ and CD8+ T cells upon tissue infiltration. For CD4+ T cells, genes including Fos, Jun, Cd69 and Btg2 were significantly upregulated in the pancreas (Figure 6I). Notably, this gene signature was also found in naïve and effector memory CD4+ T cells infiltrating the pancreas (Figures S4A, B), as well as in pancreas infiltrating CD8+ T cells (Figures 6J, S4C, D), suggesting that this gene signature is driven by the pancreatic microenvironment. For CD8+ T cells, genes including chemokine-encoding genes Ccl4 and Xcl1, chemokine receptor-encoding genes Cxcr3 and Cxcr6 and effector genes Ifng and Itga1 were significantly upregulated in the pancreas (Figure 6J). This gene signature, on the other hand, was specific to CD8+ CD44lowCD62L- and effector memory T cells and absent in naïve infiltrating T cells (Figures S4C, D), implying that this is an antigen-driven gene response. Taken together, these results demonstrated that circulating CD44lowCD62L- T cells, which dominated the circulation, exerted a pre-effector-like phenotype. Additionally, our data revealed micro-environment- and antigen-driven transcriptional changes upon pancreas infiltration.





4 Discussion

Until date, a thorough comprehension of the intricate immunopathological changes occurring over time within the pancreas is lacking, and impedes progress towards successful therapeutic T1D prevention and/or reversal. Here, we examined the composition of the immune system in pancreatic and peripheral tissues during murine T1D development with multi-parameter flow cytometry. By evaluating absolute numbers of immune cells in multiple disease-relevant organs, and at multiple time-points during the disease course, we provide a unique perspective on the pseudo-spatiotemporal dynamics of DCs, neutrophils, and T lymphocytes during T1D development.

While the role of T cells as direct executors in beta cell loss is well established, less is known on how, when, and where innate immune cells like DCs and neutrophils participate in the destructive process. Neutrophils, as active patrollers of the circulation, have been described in the natural history of T1D over the last years (20, 21). Contradictory evidence exists however on peripheral neutrophil counts and functions like neutrophil extracellular trap (NET) formation during different disease stages (reviewed in (22)), but our group recently demonstrated with high-throughput live-cell imaging that peripheral NETosis was not aberrant in children and adults at various stages of T1D development (23). Still, neutrophils and NET-associated proteins have been shown to accumulate locally in the human pancreas, more specifically in the exocrine part, during the pre-symptomatic stages of T1D and persisted afterwards (5, 24). In the NOD mice as well, neutrophils and NET markers were detected in the pancreas as early as 2 weeks of age (25). Here, we observed that neutrophils indeed accumulated in the pancreas of NOD mice during the early stages of the disease, but disappeared with increasing beta cell loss. However, we cannot make strong conclusions on whether the detected neutrophils resided in the endocrine or exocrine part of the pancreas.

Antigen presenting cells (APCs), including DCs play a central role in initiating an adaptive immune response by activating T cells. We observed waves of DC infiltration in the PLN, starting as early as 3 weeks of age, and found that this dynamic DC infiltration always occurred concomitant with an increase in CD4+ and later on CD8+ T cell numbers in the PLN. These results suggest waves of T cell activation and expansion upon interaction with cognate antigen-bearing DCs in the draining lymph nodes. Others have also shown that in NOD mice, PLN are crucial for the initial priming of autoreactive T cells beginning at 3 weeks of age (26). However, from 4 weeks of age onwards, the pancreatic islets, and tertiary lymph organs (TLOs) were the sites for priming and clonal expansion of autoreactive T cells, even in the absence of PLN (27). TLOs are organized lymphoid aggregates that arise in perivascular areas in response to chronic inflammation and tissue damage (28). TLOs were found in the pancreas of pre-diabetic NOD mice, and of pre-symptomatic and diabetic human T1D donors, and may represent additional sites of autoreactive effector T cell generation (29–32). We found that DCs infiltrated the NOD pancreas in waves, with the first appearance at 4 weeks of age, a time-point when peri-insulitis transitions to intra-insulitis. With our approach, we are however unable to identify whether DCs were present in the pancreatic islets or in the neighboring exocrine tissue containing TLOs, or in both. Intra-islet DCs were previously shown to expand during disease progression and consisted of distinct subsets, including a CCR7+ DC subset, known to be migratory to PLN (18). On the other hand, the T cell area of almost all TLOs contains antigen-loaded DCs (33). Interestingly, depletion of DCs led to the disappearance of existing TLOs (34), suggesting that DCs are imperative for structural organization and maintenance of TLOs, probably as a continuous source of homeostatic and inflammatory chemokines, and of antigen presentation to T cells (reviewed in (33)). Together, our data showed that progressive immune accumulation in the pancreas was characterized by waves of DC infiltration, and DC drainage and T cell expansion in the PLN.

As described by others, we found that T cell infiltration in the pancreas during murine T1D development occurs over two phases (12, 18, 35). From 4 weeks of age onwards, CD4+ and CD8+ T cells gradually accumulated in small numbers, followed by a marked expansion in late-stage pre-symptomatic mice. By analyzing the changes in the functional state of pancreas infiltrating T cells over the course of disease, we made a few remarkable observations. First, we observed a pancreas-specific shift to an effector memory phenotype. Notably, this pancreas-specific shift was more prominent for cytotoxic CD8+ T cells, and resulted in a massive accumulation of CD8+ effector memory T cells in the pancreas from 12 weeks of age onwards. We believe that this massive CD8+ effector memory expansion in the pancreas represents an important turning point in the disease course, namely the shift from benign towards destructive immune cell infiltration, and marks a critical window of opportunity for therapeutic intervention.

Second, we found that the peripheral blood was dominated by pre-effector-like CD44lowCD62L- T cells, both CD4+ and CD8+ T cells. A recent study showed that CD44lowCD62L-CD8+ T cells were induced upon tumor inoculation and were linked to anti-tumor activity. They further demonstrated that the CD44lowCD62L-CD8+ T cell population was a pre-effector subset, derived from naïve CD44lowCD62Lhigh T cells, yet incompletely differentiated. Strong TCR signaling, upon anti-CD3/CD28 co-stimulation, differentiated this intermediate subset to CD44highCD62Llow effector memory T cells (36). Our transcriptional analysis supports the intermediate functional state of both CD4+ and CD8+ CD44lowCD62L- subsets in the context of autoimmune diabetes. The CD44lowCD62L- T cell phenotype was also observed in the PLN during disease progression, strongly suggesting that antigen encounter in the draining lymph nodes may activate naïve CD4+ and CD8+ T cells towards this intermediate phenotype, followed by migration into the pancreas, and subsequent differentiation into effector T cells. Given its intermediate functional state and predominance in the circulation throughout disease progression, this subset could be a potential novel therapeutic target.

Third, we observed that a large proportion of pancreas infiltrating CD4+ T cells were naïve CD44lowCD62Lhigh T cells, which has been previously observed by others as well (12, 37). This finding indicated that antigenic stimulation was not necessary to traffic and invade the pancreas. Transcriptional analysis confirmed the naïve state of CD44lowCD62Lhigh expressing T cells. Low expression of Itga4 and Itgb1, the genes encoding for the α (CD49d) and β chain (CD29) of the VLA-4 complex that binds VCAM1 on inflamed islet endothelium, indicates that these cells are poorly equipped to extravasate (38). One possible explanation for the detection of naïve pancreas infiltrating CD4+ T cells could be the presence of TLOs. Why these naïve CD4+ T cells remain in the pancreas needs further study, but unpublished data from P.L. Bollyky suggest that immature TLOs away from islets act as ‘staging areas’ where naïve T cells assemble before they migrate to the endocrine islets (39). Targeting these local immune niches might be an interesting strategy for disease protection by avoiding the promotion of destructive autoimmunity (27). Yet, caution is needed as these structures have also been linked to more benign disease progression in cancer and infection (reviewed in (28)). Moreover, naïve CD4+ T cells could be a pool for local regulatory T cell induction when strong agonistic ligands are provided under sub-immunogenic doses (40).

Insights from our time-course immune mapping sets a framework for the interpretation and design of preclinical and clinical evaluation of immune-modulatory therapeutics. The presence of a therapeutic window of opportunity in late stage pre-symptomatic mice sheds new light on previous inconsistent findings with immunomodulatory drugs. In the past, it was demonstrated that anti-thymocyte globulin treatment showed no effect when initiated at 4 or 8 weeks of age, while treatment of late-stage pre-diabetic (12 weeks of age) and new-onset diabetic mice, mostly around 16 weeks of age, resulted in significant disease prevention and reversal, respectively (41). In a similar fashion, anti-CD3 treatment in early-stage pre-diabetes (4 and 8 weeks of age) showed no effect, whereas treatment at 12 weeks of age and at disease onset induced complete, but transient, protection and remission, respectively (42, 43). We speculate that these immuno-targeted therapies were ineffective when treatment was initiated prior to the turning point of massive cytotoxic CD8+ T cell expansion in the pancreas, and that T cell activation is necessary for an effective therapeutic response. This notion reinforces the importance of therapeutic timing for an effective response. In this regard, it has been advocated that treating individuals at-risk early during the disease course might promote favorable outcomes, as more beta cells are still functional. However, too early might carry the risk of even aggravating the disease process and turn benign autoimmunity into destructive insulitis. Additionally, our data revealed significant DC-T cell dynamics over the course of disease having implications for the design of immunotherapies. Given their unique role in the induction and maintenance of self-tolerance, DCs are attractive therapeutic targets for T1D (44). It was previously demonstrated that co-stimulation blockade with CTLA4-Ig was only successful when initiated at 2 to 3 weeks, whereas later administration showed no protection (45). Our data indicated that the first priming events in the PLNs occurred at 3 weeks of age, suggesting that co-stimulation only works prior to the initial priming of autoreactive T cells. Similarly, Abatacept did not prevent progression to stage 2 or 3 in autoantibody positive individuals and the authors noted that the priming of autoreactive T cells had already occurred upon entry, and that the immune response at this stage might not be sensitive to co-stimulation blockade with CTLA4-Ig (46). In addition, we observed waves of DC-T cell activation over the course of disease. Given that disease development in NOD mice is more compact in time, these dynamics could indicate that T1D develops in flares of active disease in human patients. Overall, the abovementioned findings reinforce the value of the NOD mouse as a model to unravel the intricate link between therapeutic mechanism-of-action and efficacy, and disease staging. Nevertheless, due to poor clinical translation, the relevance of the NOD mouse has been questioned (47). We argue that, if used properly, the NOD mouse could be a robust model for preclinical evaluation (48). Disparity in the success of immunotherapies between mice and men could, in part, result from differences between mice and men, one of these being the degree of insulitis. The apparent lack of immune infiltration in some cadaveric samples from individuals with T1D (49) highlights the heterogeneity of the disease, and could, in part, account for the disparity in therapeutic success, given that NOD mice characteristically exhibit immune infiltration in the pancreas and show better response to immunotherapy. Therefore, it could be argued that human subjects should not be included solely based on their seropositivity, but that additional immune-markers should be considered. In this regard, our data also highlighted that it will be important to not only study frequencies and ratios of circulating immune subsets, not limited to their antigen specificities (50), but also their activation states, when making decisions on characteristics, inclusion and timing of disease-modifying therapies.

By analyzing the full pancreas, we were able to capture the dynamics of intra- and extra-islets immune cells, also innate neutrophils, which typically have been out of scope in studies focusing on islets (18). The strength of our study is that we compared these immunodynamics in pancreas, its draining lymph nodes, and the circulation. A limitation to our study was that we lost the spatial context and cell-cell interactions upon sample processing for flow cytometry and single cell RNA sequencing. In conclusion, we identified time- and tissue-dependent changes in immune infiltration dynamics and unraveled different functional states of CD4+ and CD8+ T cells, that might have important implications for the interpretation and design of preclinical and clinical studies evaluating the potential of disease-modifying therapies and highlight the need for innovative cellular biomarkers of active islet inflammation.
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Supplementary Figure 1 | Representative gating strategy defining T lymphocytes, dendritic cells and neutrophils. Density plots indicating representative gating strategy on the pancreas of a 16 weeks of age female NOD mice. (A) Singlet viable cells were selected to gate (B) CD4+ and CD8+ T lymphocyte subsets and (C) innate dendritic cells (DCs) and neutrophils. Percentages of parent gate are shown.

Supplementary Figure 2 | Major immune cell populations in the pancreas and peripheral blood at disease onset. (A) UMAP visualizing major immune cell populations present in the pancreas and circulation of new-onset diabetic mice. (B) Feature plots with hallmark genes or surface protein (adt) expression in the major immune cell populations. (C) Heatmap showing the top DEGs per immune cell type. Each population was randomly downsized to 200 cells, expect for basophils, which had <200 genes.

Supplementary Figure 3 | CD4+ and CD8+ T cell subsetting based on CD44 and CD62L expression. (A) Feature plots (left) displaying Cd4 and Cd8a gene expression in the T cell subcluster from Figure S1A. FeatureScatter (right) visualizing CD4+ (red) and CD8+ (blue) T cells selected for downstream analysis based on their Cd4 and Cd8a gene expression level. (B) CD4+ T cells were sub-setted from the T cell sub-clustering shown in . Feature plots (left) displaying Sell and Cd44 gene expression in CD4+ T cells. FeatureScatter (right) visualizing CD4+ T cell subsets defined based on their Cd44 and Sell gene expression level. (C) CD8+ T cells were sub-setted from the T cell sub-clustering shown in . Feature plots (left) displaying Sell and Cd44 gene expression in CD8+ T cells. FeatureScatter (right) visualizing CD8+ T cell subsets defined based on their Cd44 and Sell gene expression level.

Supplementary Figure 4 | Differential gene expression between pancreas infiltrating and circulating T cell subsets. Volcano plot depicting DEGs between peripheral blood and pancreas of new-onset diabetic NOD mice for (A) CD4+ naïve, (B) CD4+ effector memory (EM), (C) CD8+ naïve, and (D) CD8+ effector memory (EM) T cells.
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