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SUMMARY

The immune protection of pancreatic β cells has three layers: anatomical, with their distribution in 1 million

islets; central, with the thymic deletion of β cell-specific T cells; and peripheral, with inhibitory cellular

networks. The failure of the latter leads to most spontaneous type 1 diabetes and all diabetes induced by

checkpoint inhibitor therapy. Because CD4 T cells initiate disease, major histocompatibility complex

(MHC) class II-expressing cells are central to the onset. In non-diabetic mouse and human islets, two such

cells were detected outside of the islet boundaries near the efferent post-capillary venules: one related to

the vasculature and a fibroblast referred to as a ‘‘vascular-associated fibroblast’’ (VAF). Functionally, primary

VAFs spontaneously presented islet antigens to CD4 T cells and expressed high levels of inhibitory B7 recep-

tors and no costimulatory receptors. VAFs induced anergy in primary pre-activated anti-islet CD4 T cells.

VAFs are likely important to protect the endocrine pancreas from autoimmunity.

INTRODUCTION

The physiology of the pancreas was described in the first part of

the 20th century and culminated with the discovery and charac-

terization of insulin.1 Fifty years later, the autoimmune nature of

type 1 diabetes (T1D) was established based on pathology2

and the discovery of anti-islet antibodies in polyendocrinopa-

thies.3 In 1987, the linkage between HLA class II genes and a sin-

gle gene polymorphism at position β57 of the HLA-DQβ chain

was revealed.4 This association overwhelms all genome-wide

association studies (GWASs)5 and makes T1D the prototypical

CD4 T cell-mediated autoimmune disease. Finally, most mecha-

nistic studies pertaining to the pathology of T1D have been per-

formed in the spontaneous rodent model, the non-obese dia-

betic (NOD) mouse, as it shares the most genetic risk factors

with the human disease and, importantly, has aspartic acid

loss at position β57 of its single major histocompatibility complex

(MHC) class II molecule, I-Ag7.4,6 Three facts, (1) ∼1% of patients

undergoing checkpoint-inhibitor-based immunotherapies for

cancer treatment were concurrently developing clinical T1D,7,8

(2) the same antibodies dramatically accelerate disease in

NOD mice,9 and (3) PD-L1-deficient humans develop T1D,10

lead to the conclusion that tolerance to the islet, beyond incom-

plete thymic selection steps, is actively enforced in the periphery

by negative regulatory loops, especially the PD-1/PD-L1 pair.

Thus, it seems logical to posit that a PD-L1-positive (PD-L1pos)

cell expressing HLA class II is associated with the islet and pro-

tects it from immune attacks.

For decades, like most immunologists of T1D, our attention

has been focused on the rare tissue-resident myeloid cells that

are located within the double basement membrane (BM) that de-

fines islets structurally.11,12 These yolk sac-derived cells interact

directly with α and β cells, have an activated phenotype, and

participate in the phagocytosis of crinosomes to keep endocrine

cells healthy.11,13,14 Because myeloid cells express MHC class

II, these resident macrophages/dendritic cells have the potential

to present islet antigens to CD4 T cells ex vivo12; however, no ev-

idence of in vivo CD4 T cell-macrophage interaction has ever

been documented in tissue sections. In addition, we have

recently shown that CD45-negative (CD45neg) cells from the is-

lets were capable of spontaneous presentation of islet antigens

to CD4 T cells.15 This observation made us reconsider the often-

used term ‘‘T cell infiltration of the islet.’’ Indeed, CD4 T cells are

always or mostly located on the outside of the islet,15–17 and
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when CD8 T cells are seen in the confines of the islet, they are

rare and isolated,18 never associated with a typical inflammatory

polymorphonuclear reaction as seen in most autoimmune le-

sions.19 Moreover, following β cell destruction, the architecture

of the islet is preserved, a feature that would be surprising after

a destructive infiltrating process.

In order to explain these discrepancies, these observations

were placed within the context of an often overlooked aspect

of the pathophysiology of organs and tissues: that inflammation

and extravasation of immune cells occur almost exclusively at

the post-capillary venule side of the vasculature, where the

endothelium is fenestrated.20–22 In the case of islets, 5–6 collect-

ing venules form and emerge from the islet proper and its outer

BM.23 Thus, it was hypothesized that this anatomical location

would be where a regulatory PD-L1-HLA-IIpos cell would reside.

A combination of indirect immunofluorescence microscopy,

single-cell isolation, and cell capture techniques was used to

describe the islet-associated cells that spontaneously presented

islet antigens. A new cell, called hereafter vascular-associated

fibroblastic cells (VAFs), was discovered. Freshly isolated VAFs

induced a tolerizing program in pre-activated CD4 T cells. This

capacity was attributed to the absence of costimulatory recep-

tors on VAFs and the delivery of an isolated signal 1 in the

absence of signal 2 while signal 3 was present, a scenario known

to lead to anergy.24

This series of experiments allows us to revise our views on the

natural course of the elemental pathology of anti-islet immunity

in T1D and propose a different model that may lead to new ther-

apeutic approaches.

RESULTS

MHC class II expression in non-diabetic mouse and

human islets

Unaffected NOD islets before the age of 10 weeks, as well as

non-diabetic human islets from anonymous non-diabetic do-

nors, were examined by indirect immunofluorescence and

confocal microscopy for the presence of MHC class IIpos cells.

The boundaries of islets and vascular components were located

using the BM fibrillar component ER-TR725,26 (Figures 1A and

1B). In both species, most MHC class IIpos cells resided at the

periphery of the islet and in the trabecular regions of large islets,

where some efferent post-capillary blood vessels traverse

(Figure 1B). These MHC class IIpos cells were intimately associ-

ated with the CD31+ vasculature (Figures S1A and S1B)

and, more specifically, the draining venules identified by

DARC/ACKR1 staining27 (Figure S1C); in addition, some cells

expressed inhibitory B7 family members such as CD274

(Figures 2A and 2B). B7-H3/CD276 and B7-H4 were also de-

tected but were distant from the islet BM (Figures S2A and

S2B). All B7 inhibitory family members were associated with

the vasculature and the ER-TR7 BM. In mice, using staining of

successive sections, the co-expression of PD-L1, ER-TR7, and

MHC class II appeared likely (Figure S3).

Because they were tightly associated with the BM, the purifi-

cation of those MHC class IIpos cells from non-diabetic mouse

and human islets was difficult and poorly productive; after enzy-

matic digestion, a small number of cells could be stained, sorted

by flow, and analyzed by SMART-seq RNA sequencing (RNA-

seq)28,29 (Figures 3A–3D). The cell sorting was performed after

dissociation of the islets of 8-week-old mice and from 5 normal

non-diabetic human donors. 192 CD45neg MHC class IIpos single

cells were isolated from NOD mice, with confirmed transcripts

for 142 of them. In humans, 414 cells were recovered, and 288

were confirmed to express HLA-II transcripts. In each case, a

small number of CD45pos cells were used as a positive control

(Figure 3). In mice, two CD45neg populations emerged from the

uniform manifold approximation and projection (UMAP): one

related to endothelial cells and one marked by the expression

of some epithelial/fibroblast genes (Figure 3A). The same two

clusters were present in the human dataset along with 2 addi-

tional populations (clusters 0 and 1) that were assigned poorly

to established lineages, did not express or poorly expressed

measurable HLA class II transcripts, and were likely contami-

nants from the islet preparation (Figures 3B and S4). This

mouse/human discrepancy could be partially explained by the

techniques used to purify the islets. Mouse islets were hand-

picked under the microscope to >95% purity and processed

immediately, while human preparations, although fresh and ship-

ped overnight, had purity values of 75%, 85%, 90%, 95%, and

95% for the 5 donors, respectively (purity was assessed by the

provider). The RNA-seq experiments could not determine a

convincing embryologic origin for the two main clusters of

CD45neg, MHC class IIpos cells.30 Based on transcripts, the first

one was identified as an epithelial fibroblastic cell (called

VAFs), while the second one, endothelial in nature with expres-

sion of CD31, was called ‘‘vascular-related cell’’ (VRC). VAFs

and VRCs shared the commonality of being CD45neg, MHC class

IIpos, PD-L1pos (CD274) and/or B7-H3pos (CD276) while express-

ing none of the classic CD80 and CD86 costimulatory molecules

(Figures 3A–3D). It is important to note that in the mouse, RNA

and protein sometimes disagreed for CD274 expression; indeed,

transcripts were often below the level of detection, while protein

could be detected. To confirm this observation, we sorted

CD45neg, MHC class IIpos, CD274pos/neg cells and repeated the

SMART RNA-seq. These experiments across 6 mice confirmed

that sometimes the PD-L1 protein was expressed without

detectable transcripts or, more accurately, with transcripts that

remain below detection levels (Figure S5).

What islet or islet-associated cells are spontaneously

presenting islet antigens to primary CD4 T cells?

To interrogate the nature of the antigen-presenting cells (APCs)

in islets, the recently developed FucoID technique, based on

the fucosyl transferase (FucT)-mediated labeling of interacting

cells, was used.31 Anti-Ins12-20 8F10 or anti-BDC2.5 transgenic

primary T cells were equipped with membrane-bound FucT

(see STAR Methods), sorted by flow cytometry (Figure S6), and

used to probe purified dissociated islets in a 2 h assay, without

the addition of exogenous antigen. At the end of incubation, in

the presence of the labeling substrate GDP-fucose-biotin, fuco-

sylbiotinylated cells were sorted individually in 96-well plates

(Figure 4A) and identified by qPCR using a 96-gene panel (see

supplemental information) that qualified 5 populations: T cells,

B cells, myeloid cells, VAFs, and VRCs (Figure 4B). MHC class

II-blocking antibody was used in each experiment to evaluate
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the background (Figure 4A). Results obtained with 8F10 and

BDC2.5 cells in 2 sets of independent experiments for each

cell type were similar and are presented together. All labeling

was performed on islets from 8-week-old NOD mice. While the

starting cell pool was dominated by CD45pos, MHC class IIpos

cells over CD45neg, MHC class IIpos cells (Figure 4C), 31.6% of

the labeled cells were CD45neg and identified as VAFs based

on their colocalization in the reference UMAP map (Figure S7).

The remaining APCs were myeloid and B cells (48.7%), a very

small percentage of VRCs cells (2.6%), and a few CD4 T cells

(17.1%), which might be indicators of trogocytosis of MHC class

II in the islet lesion32 (Figure 4C).

Three conclusions were drawn: (1) although abundant,

CD45pos, MHC class IIpos myeloid cells were not the only APCs

associated with the islet, (2) VRCs did not appear to have APC

Figure 1. MHC class II-expressing cells are

associated with the basement membrane

that delineates the outside of mouse and

human islets

(A) I-Ag7-expressing cells were detected in unaf-

fected islets of 9-week-old NOD mice in associa-

tion with the ER-TR7pos basement membranes of

the islet and vasculature.

(B) Normal human islets showed a similar distri-

bution of HLA class II-expressing cells associated

with the ER-TR7 network.

Each fluorescent marker is indicated in each im-

age. Scale bar: 50 μm.

functions, confirming the literature,33

and (3) VAFs, despite their low numbers

and relatively low expression of MHC

class II, appeared to be very productive

APCs associated with the spontaneous

presentation of two well-described islet

antigens.

Stimulation of anti-islet CD4 T cells

with intact islets

In view of these results, the classical

‘‘islet T cell stimulation assay’’ was revis-

ited to try to compare the ‘‘outside versus

inside’’ of islets for their capacity to

engage T cells. Indeed, in its original

form, this assay is always performed after

dissociation of the islets, a step that is in-

tended to free intra-islet myeloid cells

from their environment and make them

accessible to T cells for antigen presenta-

tion.12 When non-dissociated islets were

tested to stimulate anti-islet CD4 T cells,

as few as 25 were sufficient to induce

maximal IL-2 secretion of anti-islet CD4

T cell hybridoma (Figure S8). To extend

this result with primary cells and provide

more physiological answers, a new pri-

mary T cell assay based on single-cell

transcriptomics was developed for

naive and pre-activated T cells (Figure S9). Briefly, 3 × 104

anti-Ins12-20 CD4 T cells from 8F10 transgenic animals were pu-

rified using negative selection and incubated without or with 150

whole islets from 8- to 9-week-old NOD, or NOD H2-A− /− (MHC

class II knockout34), mice, in the presence of anti-I-Ag7 anti-

bodies (Figure 5). After a 5 h co-incubation, islets were excluded

and CD4 T cells sorted as single cells by flow cytometry and

examined by qPCR against a panel of 189 T cell activation

genes.35,36 At that time point, T cells associated and accumu-

lated with islets in an MHC-dependent manner (Figures S10A

and S10B). The merge of two independent experiments is shown

in Figures 5A and 5B. Expectedly, naive 8F10 cells expressed

CD4 T cell identity genes (CD3, CD4, CD27, CD28, CD40L,

and CXCR4), some transcription factors important for T cell

development (Foxo1, Runx1, and Lef1) but none for effector
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function commitment, some basal signaling molecules (lck, lat,

Fyn, Jak1, Plcg1, k-Ras, Akt1, Nfatc1, Mapk1, and Mapk3),

many negative regulators of T cell activation (Ptprc, Pten,

Ptpn6, Traf5, Tln1, Aim2, Gsk3a, and Gsk3b), and a set of tissue

residency and self-renewal genes (Itga4, Il7r, Tcf7, Evl, Crip1,

Arpc2, Sel1, S1pr1, and Klf2). Incubation with islets modified

this transcriptional profile in two major ways. First, independent

of T cell receptor (TCR) signaling and without significant induc-

tion of cell death relative to control (Figure S10C), the presence

of islets next to 8F10 cells induced the silencing of the naive

T cell signature (Figures 5A and 5B). Secondly, TCR recognition

of Ins12-20 presented spontaneously onto MHC class II mole-

cules by islets driving the transcription of two families of genes,

some linked to cytokine signaling (Stat3, Stat4, Stat5, and

Socs3) and interferon response (Isg15, Oas1b, Oas2, Oasl1,

Irf1, Ifit1, Ifit3, and Mx1) and some directly associated with

TCR signaling (NfκB, Nur77, Zap70, Itk, Vav, Cd69, Cd25,

Cccr4, Icos, Il-2, and Tnfα). Interestingly, only one function-

committing transcription factor was upregulated: Bcl6. Tbx21-

and interferon (IFN)γ-responsive genes remained silenced, and

FoxP3 was expressed in only ∼10% of cells (see p values,

Tables S3 and S4). Thus, this new format and deep interrogation

of T cell activation with primary cells brought up two important

results: the naive T cell transcriptome was heavily influenced

Figure 2. Expression of PD-L1 associated

to the islet

Distribution of cells expressing the inhibitory

member of the B7 family, PD-L1, in murine (A) and

human (B) islets. For each section, the insulin stain

is shown, as well as the ER-TR7 stain that high-

lights the basement membrane of the islet and

vasculature. Scale bars: 50 μm.

by the presence of islets and naive cells

were activated through their TCR without

dissociation of the islets but also without

induction of an overt Th1 phenotype.

The limitation of this assay was that it

could not distinguish stimulation from

either myeloid cells or VAFs. To address

this issue, islets were dissociated and

separated into CD45neg and CD45pos

cells before being confronted with pri-

mary pre-activated 8F10 cells. For this

purpose, purified 8F10 cells were acti-

vated in the presence of interleukin

(IL)-2 through their TCR 8 days prior to

being used in the primary islet cell assay.

As seen in Figures 5C and 5D, the once-

activated cells lost their signature of

naivete (column 1) but displayed a full

pattern of Th1 activation when in the

presence of total dissociated islets from

NOD mice (column 2); the disappearance

of this signature with NOD H2-A− /−

dissociated islets indicated the MHC

class II dependence of this activation

(column 3). When CD45pos cells were

removed, the Th1 signature was nearly abolished and replaced

by the expression of a unique set of genes (column 4) that

were almost identical to the ones defining naive CD4 T cells

(Figure 5A, column 1): Tcf7, Itga4, Lef1, Evl, Il7r, Cd28, Lat,

Jak1, and S1pr1. This new pattern of activation was MHC class

II restricted, as signified by its disappearance when 8F10 cells

were stimulated by CD45pos depleted islet cells (column 5).

Thus, this experiment revealed the presence of CD45neg, MHC

class IIpos cells in the islets capable of inducing tolerance.

The dominance of the hematopoietic antigen presentation and

associated Th1 activation seen before CD45 depletion was likely

explained by the much larger numbers of CD45pos, MHC class

IIpos cells associated with the islets at this particular time point

(Figure 5E).

VAFs are phagocytic, present peptides but process

antigen poorly

To get a better understanding of VAFs and the mechanisms con-

trolling their MHC class II expression and function, a mouse cell

line was produced by immortalizing sorted CD45neg, CD31neg,

MHC class IIpos adherent murine islet cells with the large and

small T antigens of SV40 in a scheme similar to the one used

to establish fibroblastic reticular cell (FRC) lines.37 The related-

ness ‘‘cell line/primary cells’’ was established using the cell
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Figure 3. Expression of MHC class II by non-hematopoietic islet cells

Isolation and characterization of an islet-associated CD45− MHC class IIpos cell in mouse (A and B) and human (C and D).

(A) In each experiment, CD45neg/MHC class IIpos cells (red) were index sorted as single cells from pooled islets isolated from two 9-week-old NOD female mice. In

each experiment, control CD45pos/MHC class IIpos cells were also sorted and used for comparison. Accordingly, 3 populations were identified by unsupervised

clustering as represented in the UMAP: fibroblastic cells (green cluster), vascular cells (blue cluster), and CD45pos cells (purple cluster). Only cells that expressed

MHC class II at the protein and transcriptional levels—98/114 CD45neg/MHC class IIpos sorted cells and 44/50 CD45pos/MHC class IIpos sorted cells—were

analyzed. The UMAP retained 142 single cells.

(B) Violin plot representation of MHC class II α and β (H2-Aa and H2-Ab) and CD45 (Ptprc) expression in each of the 3 clusters. Each violin is the centered log ratio

of normalized transcript.

(C) Left heatmap represents the most indicative genes for each of the 3 clusters. The right heatmap shows the expression of co-inhibitory and costimulatory T cell

activation genes in each of the 3 clusters. Representative flow cytometry plot of CD45neg/HLA-DRpos cells index sorted (red) from normal non-diabetic human

islets. CD45pos/HLA-DRpos cells were also sorted and used as controls. The UMAP representation shows all clusters for all cells isolated from 5 independent

(legend continued on next page)
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identity panel described and validated in Figure 4 (supplemental

information). As shown in Figure 6A, primary CD45neg, MHC

class IIpos cells could be split between ‘‘endothelial’’ and VAF

subgroups by cytometry using CD31 and podoplanin as respec-

tive markers. Each of the CD45neg, MHC class IIpos; double-

negative; podoplaninpos; and CD31pos populations was sorted

and profiled for gene expression. Then, the cell line was

compared to primary skin fibroblasts at baseline and

upon IFNγ stimulation by cytometry and gene expression

(Figures 6A–6C). Then, all cell profiles were used to produce a

UMAP and compare primary cells and the cell line, and five clus-

ters were identified. First, this experiment showed the similarity

between the cell line and the primary fibroblasts for their patterns

of gene expression in IFNγ-non-treated and -treated cells. Sec-

ond, and most importantly, the clustering showed a large share

of genes (salmon cluster) between IFNγ-treated primary fibro-

blasts, IFNγ-treated cell line cells, and primary VAFs. This exper-

iment validated the cell line and served to demonstrate the fibro-

blastic nature of the VAF cell and its plasticity. Indeed, MHC

class II expression was not constitutive but only IFNγ inducible,

and fibroblast identity genes such as Col1a1 and Col1a2 were

repressed upon IFNγ stimulation in the cell line as well as in pri-

mary cells (Figure 6D). The phagocytic properties of the VAF cell

line were demonstrated in a classic in vitro assay of pHrodo-

labeled E. coli uptake (Figure 6E). Finally, the antigen presenta-

tion capabilities of the cell line were examined after I-Ag7

induction with IFNγ and compared to splenocytes for both whole

proteins and peptides. As seen in Figure 6F, while capable of

presenting peptides, immortalized VAFs were not processing

whole-protein antigen effectively.

Embryologic and lineage origins of VAFs

The plasticity of fibroblasts constitutes a huge hurdle to deter-

mining their embryonic lineage. Often associated with the meso-

derm, fibroblasts can also differentiate from any epithelial tissue

by a mechanism called ‘‘transition’’ and, thus, be produced from

any of the three embryonic layers.38 To address this issue for

VAFs, we took advantage of our ability to differentiate in vitro

pluripotent stem cells into endocrine pancreatic structures.39,40

All protocols reach over 95% of endoderm commitment before

the final steps drive endocrine differentiation.41 In suspension,

organoids were assembled in ‘‘pseudo-islet’’ structures in which

α and β cells were found.41

At the basal state, no cells in the organoids expressed HLA-

II molecules, while upon IFNγ stimulation, non-α, non-β cells

did, and they localized mostly at the periphery of the

pseudo-islets (Figure 7A). The HLA-IIpos cells were sorted

and profiled by single-cell transcriptomics (Figures 7B and

7C). Their gene expression largely overlapped with primary

VAFs from human islets, especially the cells from clusters 1

and 2, with correlation coefficients of 0.62 and 0.64, respec-

tively (Figures 7D and S11).

DISCUSSION

In previous work, we made the surprising observation that from

the islets of a single mouse, T cells expressing the same αβ TCR

could differentiate to diametrically opposite sides of functional

commitment, Th1 or regulatory T (Treg)35; this finding suggested

strongly that the same antigen could be presented to CD4 T cells

by two very different types of APCs, one activating and one

inhibitory. To address this fundamental issue, single-cell tech-

nologies were applied to the characterization of the APCs asso-

ciated with the islet, with the complement of confocal micro-

scopy, the new FucoID technique,31 and a single-cell-based

transcriptomics assay to examine T cell activation. This latter

approach was developed because the three assays commonly

used to define the activation—upregulation of surface markers

(CD25 and CD69), proliferation (3H thymidine and CFSE dilution),

and cytokine secretion (IL-2, ELIspot, and intracellular stain-

ing)—do not provide a good definition of tolerance, nor mainte-

nance of tolerance. Therefore, it seemed appropriate to imple-

ment a single-cell, gene-signature-based assay that could

define the various trajectories of CD4 T cells.

The first important information that we provide here is that

MHC class II is expressed in normal murine and human islets

by cells that are located at the periphery of the islet and associ-

ated with the efferent vasculature.15 These cells are non-he-

matopoietic in origin based on their non-expression of CD45

and split into two families, vascular and fibroblastic, based on

their gene transcription profiles, their morphology, and their

location. The FucoID labeling experiment showed unambigu-

ously that only VAFs were important in the spontaneous presen-

tation of islet antigens, while the VRCs only played a minor role, if

any, as published by others.33 This discrepancy could be asso-

ciated with the ability of the VAFs to capture secretory vesicles

from the β cells thanks to their phagocytic capabilities, while

endothelial cells, which are poor phagocytes, could not.42 Inter-

estingly, VAFs are poor antigen-processing cells but present

peptides effectively. This observation reinforces the concept of

Unanue that crinosomes are the main local source of autoanti-

gens in the form of peptides and are central to the initiation of

diabetes.43–45 The second important element brought forward

in the current study is the fact that MHC class II is not constitu-

tively expressed by CD45neg cells but is induced and lost in

culture in a scenario reminiscent of FRCs.37 The VAF cells share

one additional similarity with FRCs: their association with

both the activation and regulation/inhibition of CD4 and CD8

T cells.46,47 Here, the induction of either phenotype is entirely

dependent on the state of activation of the encountered T cell;

naive CD4 T cells will receive some level of activation and may

end up with a memory phenotype,48 while memory antigen-

experienced cells will be inhibited. It is evident from the series

of experiments performed with pre-activated T cells (Figure 6)

that when both CD45neg and CD45pos, MHC class IIpos cells

donors. Some exocrine pancreas contamination was present and produced 2 additional clusters (brown and red). 288/414 sorted cells expressed HLA-DR

protein and transcript.

(D) Violin plot representation of MHC class II α and β (HLA-DRA and HLA-DRB1) and CD45 (PTPRC) expression for each of the 3 clusters. Violins are centered log-

ratio-normalized counts. Left heatmap represents the most indicative genes for each of the 3 clusters. The right heatmap shows the expression of co-inhibitory

and costimulatory T cell activation genes in each of the 3 clusters.
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were present together in the assay, professional CD45pos cells

were dominant and drove full Th1 activation, overwhelming the

negative regulation of CD45neg cells (see synopsis in

Figure S12). This result and the fact that, over the course of the

disease, CD45pos, MHC class IIpos cells were increasingly

numerous favor a scenario in which the front of the pathology

is dominated by negative regulation in an attempt to maintain

tolerance. The influx of CD45pos cells in the vicinity of the islet

when insulitis is built would overcome this negative regulation

and promote the Th1 CD4 T cell phenotype. This activation/inhi-

bition balance would govern islet destruction timing, as well as

the course of disease, by allowing remissions and relapses

(Figure S12). Mechanistically, VAFs appear to induce or maintain

tolerance by expressing MHC class II and negative regulators,

such as PD-L1, without expressing activating coreceptors.

Once again, PD-L1 is shown to be critical for active islet toler-

ance as it has been in mouse models9,49 and humans, geneti-

cally10 or after CPI therapy.7

The hypothesis that T cell tolerance is dependent on the exis-

tence of three signals and their order of delivery has been pro-

posed50 and documented for decades51–55 but has never been

put in the context of control of organ protection and T1D. This

view of the immune physiology of the islet and the active induc-

tion of tolerance is reinforced by the finding that in non-diabetic,

at-risk HLA donors, the dominant circulating anti-insulin CD4

T cell population exhibits stigmas of partial T cell activation

among a vast number of silenced genes.48

Because anti-islet autoimmunity is the exception, not the

rule, it appears sensible to have a negative cellular regulator of

T cell activation associated with a segment of the vasculature,

the post-capillary collecting venule, where inflammation is

sensed.20,56 Such a protective system meant to enforce toler-

ance could be overwhelmed by the intensity/duration of inflam-

mation, the affinity of some T cells,57 the influx of professional

APCs upon the formation of a tertiary lymphoid structure,15 the

modulation of coreceptor expression, or the pharmacological

blockade of some key negative regulators.7,9 It is also important

to mention that the efficiency of this mode of protection of the

islet is complemented by the absence of direct lymphatic

drainage of the islet15 and the physical separation of the islets

throughout the pancreas, which limits immune cell access. The

location of an APC directly outside of the islet and in close prox-

imity to the exocrine pancreas could also explain some of the

links that have been reported between exocrine and endocrine

pancreas inflammation.58,59

When tolerance is broken, it is likely that islets are de-

stroyed one at a time and that, in most scenarios, diabetes,

in its clinical form, does not ensue. Without pretending that

we uncovered the reason why the endocrine pancreas is split

into ∼1 million units, it makes sense to consider the protection

of islets from injuries and autoimmunity as a multilayer sys-

tem: isolation (no lymphatics and reliance on tertiary lymphoid

structures, not the draining lymph node15,35), multitude with

independence (each of the 1 million islets is autonomous),

negative regulation of T cell activation by VAFs, and limited

spreading of anti-islet responses by relying on tertiary

lymphoid structures instead of a classical lymphatic drainage

and lymph nodes that would amplify responses more readily.

The co-development of the VAFs with the islets, as we

observed in the human embryonic stem cell (hESC)-derived

pseudo-islets, suggests the importance of those cells in evo-

lution for the preservation of islet functions. The efficiency and

Figure 4. Labeling of primary antigen-pre-

senting cells by primary anti-islet CD4

T cells equipped with membrane-bound fu-

cosyl transferase

Following transduction with fucosyl transferase

(FucT)-expressing or control empty vector, T cells

were sorted by flow cytometry prior to being co-

cultured with dissociated islets for 2 h.

(A) Representative flow cytometry plots of a la-

beling experiment at +2 h. Control was empty

vector, FucT 8F10 cells were 8F10 CD4 T cells

transduced with FucT, and anti-class II was anti-I-

Ag7 monoclonal antibody. An identical experi-

mental setup was used for BDC2.5 CD4 T cells.

(B) Validation of a panel of 96 genes picked to

identify potential antigen-presenting cells: VAF

cells (green), endothelial cells (blue), myeloid cells

and B cells (pink), and T cells (black). Validation

was performed in two independent experiments

using 159 CD45neg/MHC class IIpos/CD31neg/

PDPNpos/neg fibroblastic cells, 45 CD45neg/MHC

class IIpos/CD31pos/PDPNneg endothelial cells, 35

CD45pos/CD11bpos/MHC class IIpos myeloid cells, and 35 CD45pos/CD19pos/MHC class IIpos B cells.

(C) CD45pos/CD45negratio in input and output of the FucT labeling experiments. Input: MHC class IIpos/CD45neg (blue) and MHC class IIpos/CD45pos (orange) from

the islets of 5 mice of similar age as those used for the labeling (7–9 weeks). The ratio CD45+ versus CD45− is about 5:1. Output: MHC class IIpos/CD45neg (blue)

and MHC class IIpos/CD45pos (orange) percentage after FucT labeling using either 8F10 or BDC2.5 T cells (2 independent experiments for each). In 8F10 mice,

sorted CD45pos and CD45neg cells were in almost equal numbers, whereas in BDC2.5 mice, CD45pos cells were twice as many as CD45neg cells; these differences

are likely due to different stages of disease progression in all the mice. As shown for both 8F10 and BDC2.5, MHC class II antibody blocking resulted in

background staining (0.06% for 8F10 and 0.04% for BDC2.5). In total, 71 cells were usable for analysis out of 92 after 8F10 labeling and 67 out of 126 labeled after

BDC2.5 labeling. The pie chart shows the distribution of cell types among the three APC categories, VAFs, myeloid, and B cells, for all cells from all experiments.
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Figure 5. Single T cell analysis of the spontaneous antigen presentation by MHC-IIpos islets of Langerhans cells

(A) Activation of naive anti-insulin CD4 T cells by islet-associated cells. Heatmap shows averages from two independent experiments where 150 islets from 2 NOD

female mice were pooled and co-cultured with CD4+ cells purified using negative selection from spleens of 8- to 10-week-old 8F10-NOD female mice. 98.7%

(316/320) of the Vβ8.1/8.2pos/CD4pos single cells sorted from 4 experimental conditions were usable for analysis, of which 109 were 8F10 T cells alone, 112 were

8F10 cells with whole islets, 63 were 8F10 cell with whole islets and MHC class II-blocking antibodies, and 32 were 8F10 cells with whole islets from H2-A− /− mice.

RT-qPCR was used to measure 189 genes per cell. The heatmap shows all differentially expressed genes ordered by p value, calculated using a Wilcoxon rank

sum (Table S2).

(legend continued on next page)
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resilience of this system probably explain why the pre-clinical

phase of T1D is often so long.60,61

On the etiologic and therapeutic fronts, the present findings

refocus attention on two associated features, inflammation and

vasculature, of the pancreas. As an organ that is integral to the

digestive system, the pancreas is exposed to permanent injuries

from the food, microbes, environmental molecules, and drugs

that we ingest.15 For instance, increasing intestinal permeability

experimentally is sufficient to increase the incidence and time of

onset of T1D in mice.15,62 Epidemiologically speaking, as the

Western lifestyle increases potential pancreatic insults, a steady

rise of T1D incidence has been observed,63 together with an in-

crease in pancreatitis64 and pancreatic cancer,65 two conditions

also linked to local inflammation. Testing the impact of dietary

and/or lifestyle changes on T1D incidence is nearly inconceiv-

able or at least very difficult. However, it is becoming clearer

that obesity is a contributing factor to T1D onset,66 and removing

pro-inflammatory short-chain fatty acids from the diet of at-risk

individuals might be a beneficial first step. Conversely, it would

also seem reasonable to increase the intake of anti-inflammatory

food and/or drugs.67 More invasive approaches, such as anti-

body treatment targeted at adhesion molecules of the vascula-

ture, could also be considered, but their timing in pre-clinical

populations would be a challenge.

(B) The UMAP of the 316 cells is shown with each cell color coded for each of the four conditions.

(C) VAF induction of anergy in activated anti-insulin CD4 T cells. Pre-activated 8F10 T cells were co-cultured with dissociated islets for 5 h in various conditions

and sorted individually for RT-qPCR. 384 cells sorted from 5 conditions in 2 independent experiments were used for analysis: pre-activated 8F10 cells alone (64

cells), pre-activated 8F10 cells with dissociated islets (96 cells), pre-activated 8F10 cells with dissociated islets from H2-A− /− mice (64 cells), pre-activated 8F10

cells with islets depleted of CD45+ cells (96 cells), and pre-activated 8F10 cells with islets depleted of CD45pos cells from H2-A− /− mice (64 cells). The heatmap

shows all differentially expressed genes ordered by p value, calculated using a Wilcoxon rank sum.

(D) UMAP representation of the 384 cells color coded by experimental condition.

(E) Bar plot representation of the percentage of MHC class IIpos/CD45neg or MHC class IIpos/CD45pos cells isolated from the islets of NOD mice spanning 5–

11 weeks. Each time point represents pooled islets from two mice.

Figure 6. Pancreatic fibroblastic cell line characterization

(A) Representative flow cytometry plot of primary CD45neg/MHC class IIpos cells from mouse islets, divided according to their CD31 and podoplanin expression; it

separates three populations: double negative, endothelial (CD31), and VAF (podoplanin+).

(B and C) Flow cytometry plots of the fibroblastic cell line (B) and primary skin fibroblasts (C) after IFNγ treatment. It shows the coordinated upregulation of MHC

class II and PD-L1 on both cell types.

Each population in (A)–(C) was profiled by single-cell RT-qPCR against the 96 identity genes described in Figure 4 and clustered by k-means and nearest neighbor

to produce a UMAP. Pie charts represent the distribution of each cell population in the 5 clusters defined by that profiling and colored. Upon IFNγ stimulation, both

cell line and primary fibroblasts acquired profiles similar to the primary VAF cell shown in (A), with a large percentage of cells falling into the salmon cluster.

(D) Similar downregulation of Col1a1 and Col1a2 transcripts in the fibroblastic cell line and skin fibroblasts.

(E) The morphology of the fibroblastic cell line is shown in a bright-field image (top) and after phagocytosis of E. coli conjugated to pHrodo-Deep Red (bottom).

The cytometry profile of that experiment is shown to the right.

(F) VAF cell line was compared to NOD splenocytes for the presentation of whole HEL protein or HEL11-27 peptide to the anti-HEL CD4 T cell clone 21.30. This

assay was repeated twice with similar results. IL-2 was measured in supernatants at 24 h; each dilution of antigen was in triplicate.
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Limitations of the study

Rare cell populations are always difficult to study. An added

layer of difficulty in the current study is the association of

VAFs with the post-capillary venules and the BM of the islet.

Venules are fragile and can be lost during islet isolation, while

enzymatic dissociation from the BM is often difficult. These fac-

tors are major impediments to an accurate enumeration of the

cells. Our study shows the potential role of VAFs in tolerance

induction in in vitro studies. This function will need to be

demonstrated in vivo in further studies by knocking out MHC

class II and/or PD-L1 in VAFs.
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GDP-fucose-biotin Peng Wu Scripps Reserach N/A
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Fish Gelatin Fisher Scientific Cat# Fisher Scientific
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Critical commercial assays

Miltenyi CD4+ isolation kit Miltenyi Cat# 130-104-454

Deposited data

Single cell RNA-seq and single cell

rT-qPCR data

This paper Geo number

Experimental models: Cell lines

5KC (TCRα− β− ) cells Dr. Nakayama, University of Colorado N/A

Phoenix-ECO retro viral packaging cells ATCC CRL 3214 RRID:SCR_003163

H1 human Embryonic Stem Cells (hESCs) Maike Sander UCSD N/A

Experimental models: Organisms/strains

NOD/LtJ mice Jackson Laboratory RRID:IMSR_001976

NOD.Cg-Tg(TcrαBDC2.5,TcrβBDC2.5) Jackson Laboratory RRID:IMSR_004460

NOD/LtJ H2A− /− Jackson Laboratory RRID:IMSR_003583

NOD.Cg-Tg(TCRα8F10,TCRβ8F10) Dr. E. Unanue, Washington University N/A

Oligonucleotides

Primers for gene expression analysis Table S1 N/A

Recombinant DNA
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pMIG-hFUT6 Peng Wu Scripps Reserach N/A

Software and algorithms

Fluidigm Real-time PCR Analysis software Fluidigm RRID:SCR_015686

Seurat Version 5.0.1 RRID:SCR_007322

Nextflow Version 24.10.5 RRID:SCR_024135

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

NOD/LtJ mice were purchased from the Jackson laboratory. NOD.Cg-Tg(TcraBDC2.5,TcrbBDC2.5) and NOD/LtJ mice with a dele-

tion of MHC class II genes, referred in the text as NOD H2A− /− , were also from the Jackson laboratory [NODCaj.129S2(B6)-H2-

Ab1tm1Doi/LwnJ]. NOD.Cg-Tg (TCRa8F10, TCRb8F10) were a generous gift of Dr. E. Unanue (Washington University, St Louis).

All animals were genotyped before being used in experiments. Care and handling of mice under pathogen-free conditions at our an-

imal facility followed Institutional Animal Care and Use Committee rules.

Cell lines

5KC (TCRα− β− ) cells, a generous gift from Dr. Nakayama (University of Colorado)68 were maintained in Dulbecco’s modified Eagle’s

medium (DMEM10)–10% fetal bovine serum (HyClone FBS) with L-glutamine, penicillin, and streptomycin (Corning). For re-expres-

sion of TCRs in 5KC cells, after sequencing Vα and Vβ segments were synthesized and cloned into pMIG-II69 using Hifi Gibson As-

sembly (New England Biolabs) and spinfected with polybrene for 1 h at 32◦C, at 2000g. After recovery, cells expressing TCR were

sorted by flow cytometry after staining with anti–TCRβ-APC antibody (H57-597, BioLegend).

Phoenix-ECO packaging cells Phoenix-ECO cells were cultured in DMEM10 and used for retro viral packaging of the PMIG-II based

vectors.

H1 hESCs H1 human embryonic stem cells were maintained as described40; briefly, cells were seeded on 1:100 Matrigel (Corning

356238) in mTeSR1 medium (Stemcell Technologies 85850).

None of the cell lines were tested for Mycoplasma but all were used only in short-term culture.

Human tissues

Non-diabetic and diabetic pancreatic tissue was obtained through nPOD and MyBiosource (MBS640801).

Fresh human islets from five non-diabetic donors (ages/BMI: 41–28, 32–25.7, 62–20.6, 45–21.9, 30–25.4) were supplied by IIDP for

study ‘‘Lymphatics of the islet and T cell trafficking.’’ (IIDP, Prodo laboratories).

METHOD DETAILS

Re-expression of TCRs in 5KC cells

After sequencing, Vα and Vβ segments were synthesized and cloned into pMIG-II69 using NEB HiFi Gibson Assembly. 5KC cells were

spinfected (2000 g, 32◦C, 1 h) with viral supernatant plus polybrene (8ug/ml). TCR-expressing cells were recovered overnight and

sorted using anti-TCRβ-APC (H57-597, BioLegend).

T cell hybridoma stimulation assay

Increasing numbers of islets were co-cultured with 4 × 104 T cell hybridomas per flat-bottom 96-well plate. After 24 h at 37◦C, su-

pernatants were assayed for IL-2 using an IL-2-dependent bioassay.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Data accessible at Gene Expression

Omnibus website (accession number

GSE292898).

N/A

Other

Astrios Moflo cell sorter Beckman Coulter RRID:SCR_018893

Biomark HD unit Fluidigm BMKHD-BMKHD

96 × 96 Dynamic Array flowcells Fluidigm BMK-M-96.96

NextSeq2000 sequencer Illumina RRID:SCR_023614

Zeiss 780 confocal microscope Zeiss RRID:SCR_020922

EVOS M5000 inverted microscope Invitrogen RRID:SCR_023650

MACSquant analyzer 10 Miltenyi RRID:SCR_020268

mTeSR1 media Stem Cell Technologies Cat #85850

Matrigel Corning Cat #354230

Versene Solution Gibco Cat #15040

Y-27632 Stem Cell Technologies Cat #72307

Accutase Thermo Fisher Scientific A1110501
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Primary T cell stimulation assays

Spleen CD4+ T cells were isolated after mincing the tissue and sieving it through a 70 μm nylon screen using a rubber syringe plunger.

After erythrocytes removal by osmotic lysis, CD4+ cells were purified using negative selection (Miltenyi CD4+ isolation kit). Purity as

assessed by CD4/Vβ staining and flow cytometry was >95%. On average 10 × 106 8F10 or BDC2.5 splenocytes yielded 2 × 106 pure

cells.

Single-cell flow cytometry sorting for T cell assays

Cells were stained in 30 μL FACS buffer, PBS with 2% FBS and 2 mM EDTA, with Vβ8.1/8.2-FITC (8F10) or Vβ4-FITC (BDC2.5), CD4-

APC-Cy7, and propidium iodide (1 μg mL− 1). Single live cells were sorted (Astrios MoFlo) into 96-well PCR plates containing 5 μL RT

mix. Pre-amp and Biomark HD qPCR were performed as described.35,36

Fucosylation-biotinylation (FucoID) assay

A TFRC1-93–FUT640-359 fusion was expressed via pMIG-II in activated splenocytes. GFP+ cells (2–5 × 104) were co-cultured with

150 dissociated islets (DMEM10 + 20 mM MgCl2, 37◦C, 2–3 h). GDP-fucose-biotin (80 μM, 20 min, RT) was quenched with GDP-

fucose (300 μM, 10 min). Cells were washed and stained with anti-biotin-PE antibody and PI; PI− /Biotin+ single cells were sorted

for RT-qPCR.

Human islet single-cell flow cytometry and sorting

Dissociated human islets were prepared by trypsin-EDTA digestion (20 min, ice) and stained with HLA-DR-BV421 and CD45-FITC.

PI− /CD45-/HLA-DR+ or PI− /CD45+/HLA-DR+ cells were sorted into 96-well PCR plates.

Mouse islet isolation and single-cell flow cytometry

Pancreata were perfused with collagenase P (0.5 mg mL− 1) and digested (37◦C, 17 min). Slurry was filtered (0.419 mm mesh). A den-

sity gradient was established by layering Histopaque 1077 and serum-free RPMI; sample was loaded on top. After centrifugation (600

g, 20 min), islets were collected at the interface, washed, and hand-picked. Yield: 300–400 islets per mouse. For single-cell suspen-

sion, islets were digested with trypsin-EDTA and washed. Cells were stained with MHC II-PE and CD45-FITC antibodies; PI− /CD45-/

MHC II+ or PI− /CD45+/MHC II+ cells were sorted into 96-well PCR plates.

SMART-seq2 library preparation

Sequencing libraries were prepared from microtiter plates containing 1 cell per well sorted in reverse transcription buffer. The entire

volume from each well, 5⌠L, was used with the Takara SMARTer HT library prep kit following manufacturers recommended protocol.

Briefly, first strand cDNA synthesis was performed with template switching followed by 19 cycles of PCR. PCR products were quan-

titated using the Thermo Fisher Qubit system. For each sample 150 pgs of cDNA was then used for tagmentation followed by an

additional 12 cycles of PCR with 96 unique indexed PCR primers. Samples were then pooled in groups of 48 and purified using Am-

pure XP beads (0.6×). Library pools were then quantitated (Qubit) and Bioanalyzed (Agilent Bioanalyzer 2100) before loading onto a

NextSeq2000 sequencer (Illumina) to generate 101 base single reads with 8 base i5 and 8 base i7 index reads. Samples were

sequenced using one P2 flowcell for each batch on 96 samples.

Primary skin fibroblast isolation

Tails and ears from NOD mice were processed as described with slight alterations70. Briefly, tails and ears were dissected and

soaked in 90% ethanol for 5 min. To digest the tissue, minced pieces were re-suspended in DMEM 10% FBS with 2.5mg/ml colla-

genase P (Roche) for 90 min while shaking at 37◦C. The digested products were pushed through a 70mm nylon screen with the rubber

plunger of a 3mL syringe. The digestion was stopped with PBS containing 2mM EDTA. Cells were resuspended in DMEM 10% FBS at

a density of 2 mice per 10cm dish. Cells were cultured for 6 days.

Immunofluorescence of frozen pancreatic sections

Pancreas were excised and embedded in O.C.T Compound. Tissue sectioned at 7.0 ⌠m and fixed using 4%PFA for 15 min. After

washing several times with PBS, tissue permeabilized using 0.2% Triton X-100, 15min, and blocked in 5% NGS/5% Fish Gelatin

for 30min. Primary antibodies diluted in blocking buffer and incubated from 2 hr-o/n at 4◦C. Sections washed and incubated in sec-

ondary antibody at room temperature for 40min-1hr. DAPI was used for nuclear counterstain. All co-staining were carried out

sequentially. Images were acquired using a Zeiss 780 confocal microscope.
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Phagocytosis assays

For flow cytometry, 1 × 105 SV40 transformed islet fibroblasts were plated with or without 100 ⌠g/mL of pHrodo Deep Red E. coli

BioParticles in 96 well plates. After 1 h incubation at 37◦C, cells were washed with PBS, trypsinized, and resuspended in FACS buffer.

Cell suspensions were analyzed using a MACSquant analyzer 10 (Miltenyi).

For imaging, 1 × 105 SV40 transformed islet fibroblasts were plated onto glass coverslips in 80⌠L droplets with or without pHrodo

Deep Red E. coli BioParticle (Invitrogen). Cells were washed with PBS prior to fixation with 4% PFA for 3 min. Cells were washed three

times with PBS following fixation. A small amount of water was used to remove residual PBS. Coverslips were placed onto slides with

one drop of Slowfade Gold antifade reagent with DAPI (Life Technologies), then the edges were cemented with clear nail polish.

Bright field, DAPI, and Cy5 images were captured with a EVOS M5000 inverted microscope (Invitrogen) at 40× magnification.

Maintenance and differentiation of H1 hESCs (procedure)

H1 hESCs were maintained as described.40 In brief, hESCs were seeded onto 1:100 Matrigel (Corning, 356238) coated tissue

culture surfaces in mTeSR1 media (Stem Cell Technologies, 85850) and propagated every 3 to 4 days. Versene Solution

(Gibco, 15040-066) dissociation method was employed for passaging and 10 ⌠M Y-27632 (Stem Cell Technologies, 72307) was

supplied on the first day of each passage. Accutase (Thermo Fisher Scientific, 00-4555-56) base enzymatic dissociation method

and 10 ⌠M Y-27632 were employed to generate a single-cell suspension, enabling precise cell counting to plate the appropriate

cell concentration to initiate the differentiation.

At day 0), undifferentiated cells were washed in Stage 1/2 base medium and then differentiated using a seven-step protocol with

stage-specific medium.40

QUANTIFICATION AND STATISTICAL ANALYSIS

For single cell RT-qPCR experiments (see Table S1), the front analysis was performed using the Fluidigm suite of software. Ct values

below 30 were included if melting curves were within 1◦C of expected values for each primer set. Statistical analysis and data visu-

alization were done in R using Seurat69. Cells with no signal and genes with no signal were removed prior to analysis. Ct values were

transformed using the function (30-Ct)∧2 and log normalized in Seurat. p values were calculated using Wilcoxon Rank-Sum.

For single cell SMARTseq experiments, upstream data processing steps were performed using the nf-core RNA-seq version 3.3

pipeline. Built using Nextflow, the pipeline processes data using the following steps: preprocessing, alignment and quantification,

alignment post-processing, transcript assembly and quantification, coverage visualization, quality control, pseudo-alignment and

quantification.70 Cells with less than 1000 counts and genes with no signal were removed. Only cells with MHC class II transcript

were included in analysis. p values were calculated using a Wilcox rank-sum test. Statistical significance was established if p values

were <0.05 after adjusting for multiple comparisons using a Bonferroni correction. For the violin plots in Figure 3, p values were calcu-

lated using a two-tailed students t-test.

For expression correlation studies, average counts per million were used to perform Kendall tau-b calculations (Figure 7).
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