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Deletion of VB3'CD4" T cells by endogenous mouse mammary
tumor virus 3 prevents type 1 diabetes induction by autoreactive

CDS8' T cells

Cheng Ye*', Sadie A. Clements®', Weihong Gu®, Aron M. Geurts, Clayton E. Mathews®, David. V. Serreze®

, Yi-Guang Chen', and John P. Driver®?

Edited by Lawrence Steinman, Stanford University, Stanford, CA; received July 18, 2023; accepted September 23, 2023

In both humans and NOD mice, type 1 diabetes (T1D) develops from the autoimmune
destruction of pancreatic beta cells by T cells. Interactions between both helper CD4"
and cytotoxic CD8" T cells are essential for T1D development in NOD mice. Previous
work has indicated that pathogenic T cells arise from deleterious interactions between
relatively common genes which regulate aspects of T cell activation/effector function
(Ctlad, Tnfrsf9, II2/1I121), peptide presentation (H2-AY, B2m), and T cell receptor
(TCR) signaling (Ptpn22). Here, we used a combination of subcongenic mapping and
a CRISPR/Cas9 screen to identify the NOD-encoded mammary tumor virus (Mtv)3
provirus as a genetic element affecting CD4"/CD8" T cell interactions through an addi-
tional mechanism, altering the TCR repertoire. Mtv3 encodes a superantigen (SAg) that
deletes the majority of V3" thymocytes in NOD mice. Ablating Mtv3 and restoring
VPB3" T cells has no effect on spontaneous T1D development in NOD mice. However,
transferring Mrv3 to C57BL/6 (B6) mice congenic for the NOD H2¢” MHC haplotype
(B6.H2%") completely blocks their normal susceptibility to T1D mediated by transferred
CD8" T cells transgenically expressing Al4 or NY8.3 TCRs. The entire genetic effect is
manifested by VP3*'CD4" T cells, which unless deleted by Mtv3, accumulate in insulitic
lesions triggering in B6 background mice the pathogenic activation of diabetogenic
CD8" T cells. Our findings provide evidence that endogenous Mzv SAgs can influence
autoimmune responses. Furthermore, since most common mouse strains have gaps in
their TCR Vp repertoire due to Mtws, it raises questions about the role of Mrws in other
mouse models designed to reflect human immune disorders.

type 1 diabetes | endogenous retrovirus | Mtv3 | thymic deletion

Type 1 diabetes (T'1D) is a polygenic autoimmune disease with over 50 genetic linkages
identified in both rodents and humans (1). A preponderance of evidence supports that
both CD4" and CD8" T cells act as final effectors of pancreatic beta-cell death. This
includes that autoimmune responses of CD4" and CD8" T cells have been measured to
over 15 distinct antigens in T1D patients as well as against 8 antigens in T1D-prone NOD
mice (2, 3). In both humans and mice, a single locus containing the major histocompat-
ibility complex (MHC) genes is the primary disease risk factor. However, generation of
pathogenic T cells also requires interactive contributions from a variety of non-MHC
genes, including those encoding T cell-directed cytokines and cytokine receptors, positive
and negative regulators of the TCR (T cell receptor) signaling cascade, and T cell costim-
ulatory/inhibitory molecules (1).

The possibility that endogenous retroviruses are involved in the genetic etiology of
T1D has been the subject of much debate (4). Studies in the 1990s suggested that viral
superantigens (SAgs) encoded within mammary tumor viruses (Mzvs) in NOD mice (5)
and IDDMK(1,2)22 (6-8), a closely related human endogenous retrovirus (HERV),
provoke T1D by activating T cells that cross-react with islet antigens. Although these
findings generated controversy (9-11), subsequent studies showed that two HERVs,
HERV-W and HERV-K, are abnormally expressed in humans with T1D. An envelope
protein encoded by HERV-W, also associated with multiple sclerosis lesions, has been
found localized to pancreatic lesions of T1D patients where it spreads in parallel with
disease progression (12). In contrast, a low number of HERV-K(C4) copies in the com-
plement 4 gene cluster has been linked to an increased risk of T1D (13), indicating that
endogenous retroviral insertions may play a protective role in disease. Additionally,
HERV-K18 on human Chromosome (Chr.) 1 encodes a SAg which has been reported to
be capable of deleting VB7 CD4" T cells in human thymi, in a similar way to Mz SAgs
(14). While these and more recent studies (15, 16) suggest that endogenous
retrovirus-encoded antigens may have a considerably greater influence on human immune
responses than once appreciated, understanding the mechanism through which they
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function is complicated by the genetic heterogeneity that exists
among humans, especially in terms of the diversity of MHC mol-
ecules with which HERVS interact. The current work indicates
that inbred mice with their ~30 well-defined endogenous Mz,
including detailed information on how individual SAgs modulate
the T cell repertoire in the context of different MHC haplotypes
(17), can offer unique insights into how retroviral SAgs interact
with the immune system, which could benefit a number of human
diseases.

NOD mice are considered a valid model of human T1D due partly
to similarities in loci and genes and the biochemical networks in
which they function that confer susceptibility to autoimmunity.
Outcrosses of NOD mice to nominally resistant strains have uncov-
ered that the NOD genome also harbors latent T1D resistance genes
which are normally masked by the large number of disease suscepti-
bility alleles this strain carries (18-24). This includes a dominantly
acting T'1D inhibitor in the distal region of Chr. 11 (25). This finding
was based on the observation that adoptively transferred CD8" T cells
transgenically expressing the diabetogenic Al4 TCR rapidly induced
T1D in both sublethally irradiated NOD mice and C57BL6/J (B6)
mice congenic for the NOD derived H2¢ MHC haplotype (B6.H2%)
but failed to transfer disease or significant levels of insulitis to (NOD
x B6.H2)F1 (F1) hybrids (25). F1 hybrid resistance indicated that
the NOD and B6.H2¢ genomes harbor separate recessively acting
alleles that promote the activation of pathogenic CD8" T cells. Alleles
of B6 origin were identified by performing a SNP-based genome-wide
scan analysis of Al4-injected progeny derived from a first backcross
(BC1) of (NOD x B6.H2¥)F1 hybrids to the B6.H2¢" parental
strain. This revealed a single B6-derived recessive locus on Chr.11 as
highly associated with susceptibility to Al4 T cell-induced T1D and
insulitis (logarithm of odds score = 13.2). The genomic region of
interest, designated as insulin-dependent diabetes locus 32 (Idd32),
was narrowed to a ~8-Mb interval from 113.98 Mb to the end of
Chr.11 (121.8 Mb) containing more than 270 genes.

The current study describes how we used a combination of con-
genic truncation mapping and a CRISPR/Cas9 gene targeting
strategy, which enables candidate gene testing by allele-specific
expression, to identify mouse M#3 as the genetic element under-
lying /dd32. Like other endogenous mouse Mrws, Mtv3 encodes a
type II transmembrane glycoprotein SAg that interacts with MHC
class IT molecules and binds to the variable domain of specific TCR
VP chains (26, 27). When presented as a self-antigen in the thymus,
SAgs induce the Vf-specific deletion of SAg-reactive T cells, the
specificity of which is determined by polymorphisms within the
carboxy terminus region of individual SAgs (28, 29). Our results
indicate that the M3 SAg carried by NOD mice eliminates pre-
cursors of VB3" T cells which were found to be the sole drivers of
peripheral autoreactive CD8" T cell activation in normally
T1D-resistant B6.H2¢" mice. These findings may reinvigorate the
debate about whether the presence or absence of HERV elements
contributes to T1D pathogenesis and other human diseases.

Results

NOD and B6 Alleles at /dd32 Differentially Control Diabetogenic
CD8" T Cells through CD4" T Cells. We previously found that
sublethally irradiated (NOD x B6.H29)F1 x B6.H2¢ BC1 mice
homozygous vs. heterozygous for B6 alleles at dd32, in tight linkage
with microsatellite marker DII1Mir48, were respectively, highly
susceptible and resistant to Al4-induced diabetes and insulitis (25).
Al4 is a beta cell cytotoxic CD8" T cell clone originally isolated
from the islet infiltrate of a 5 to 6-wk-old prediabetic female NOD
mouse that recognizes a peptide from the insulin A chain (30). A
series of adoptive transfer studies determined that the genetic effect

https://doi.org/10.1073/pnas.2312039120
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Fig.1. Apolymorphic gene in close linkage with the marker D77Mit48 controls
susceptibility to diabetogenic CD8" T cell-induced T1D through effects on a
CD4" T cell population. (A) Incidence of T1D in B6.H25”.Rag1™" recipients of
1 x 107 NOD.Rag1™" Al4 splenocytes or 1 x 10° NY8.3 CD8" T cells coinfused
with 2 x 10° purified CD4" T cells from Idd325%%or 1dd32"°"%BC1 segregants.
(B) Diabetogenic /dd325%6 BC1 CD4" T cells require CD40-CD40L interactions
to pathogenically activate Al4 T cells. Incidence of T1D in B6.H25”.Rag1™"
recipients receiving 1 x 107 NOD.Rag1™" Al4 splenocytes and 2 x 10° purified
CD4" T cells from Idd325%¢ BC1 segregants and treated with 0.5 mg anti-
CD154 blocking antibody (MR-1) or rat IgG control every 4 d. (C) After sublethal
irradiation, B6.H2%” mice or B6.H2%” mice congenically expressing NOD alleles
at D11Mit48 (B6.H25".1dd32"°PN°P) were, respectively, highly susceptible and
highly resistant to T1D induced by subsequent infusion with 1 x 107 Al4
splenocytes. (D) T1D incidence for B6.H28”.Rag1™" mice injected with 2 x 10°
purified CD4" T cells from B6.H28” or B6.H28".1dd32"°""°° mice with 1 x 107
NOD.Rag1™" Al4 splenocytes. Survival curves were compared by the log-rank
test.

is manifested l;y host CD4" T cells. When total CD4" T cells from
DI11Mir48"" (1dd32°"™) ox D11Mir48" """ (1dd32"°""™) BC1
progeny are cotransferred with NOD.Rag! ™! A14 splenocytes into
B6.H2Y . RagI™" mice, only recipients cotransferred with CD4* T
cells from 74d32" homozygous but not /dd32"°”"*¢ heterozygous
BC1 donors develop T1D and high levels of insulitis [Fig. 14 and
(25)]. We further identified that /4432°%° CD4" T cells require
CD40-CD40L interactions to pathogenically activate Al4 T cells.
This was demonstrated by the finding anti-CD40L antibody
administration prevents T1D in B6.H2¢.Ragl™ mice injected
with 1dd32"% CD4" T cells and NOD.RagI™" Al4 splenocytes
(Fig. 1B). To determine whether /4d32 allelic differences within
CD4" T cells are sufficient to control the pathogenic activation
of an autoreactive CD8" T cell clonotype recognizing a different
autoantigen, the above experiment was repeated using islet-specific
glucose-6-phosphate catalytic subunit-related protein-reactive CD8"
T cells purified from NOD.NY8.3 mice in place of NOD. Rag1™".
Al4 spleno?ltes. Again, T1D was induced in 4d32°" but not in
1dd32"°P% CD4* T cell-harboring recipients (Fig. 1A4).

To further delineate the /4432 locus and eliminate the possibility
that genes outside the interval contribute to CD8" T cell-induced T1D
susceptibility, we generated a congenic stock of B6.2¢” mice homozy-
gous for the NOD allele of D11Mit48 (B6.H2¢ . 1dd3 OD/NO%.
Sublethally irradiated B6.H2¢ and B6.H2¥.1dd32"°""V°P mice were
respectively entirely susceptible and highly resistant to Al4-induced
T1D (Flﬁ 1C). Furthermore, CD4" T cells purified from B6.H2¢ and
B6.H2¢ 1dd32"°P™°" mice respectively supported and suppressed
T1D when adoptively transferred into B6.H2¢. Ragl™” recipients with
AI4T cells (Fig. 1D).

Idd32 Modulates the Activation and Proliferation of CD4"

T Cells and Pathogenic cD8" T Cell Activation. To examine how
1dd32 region genes extrinsically modulate diabetogenic CD8"
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T cell activation in vivo, we analyzed Al4 T cells in pancreatic
lymph nodes (PLN) at 4 d and the spleen at 9 d after their ado-
ptive transfer into sublethally irradiated B6.H2¢" and B6.H2Y.

A

B

C

1dd3

BG6.H2Y . Idd3
consistent with highly activated and naive T cells (Fig. 2 A-C).
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Fig. 2. Pathogenic CD8" T cell activation is differentially affected by B6- and NOD-derived alleles at /dd32. Flow cytometry was used to analyze CFSE-labeled
Th1a* Al4 T cells in PLN, splenocytes, and PBL of sublethally irradiated B6.H2¢” (n = 7) and B6.H28".1dd32"°"N°° (n = 4) mice 4 to 9 d after adoptive transfer.
(A and B) In vivo proliferation of CFSE-labeled Al4 T cells in PLN (4) and splenocytes (B). (C) Frequency of activated (CD44°CD62L") Al4 T cells in the spleen.
(D) Frequency of Al4 T cells in PBL. *P < 0.05 and **P < 0.005. (E-H) Immunohistochemistry was used to assess insulitis at 10 d post-adoptive transfer. Pancreata
were stained for insulin (red) and Thy1a (brown). Little insulin staining and widespread Thy1a staining were observed in B6.H2% pancreata (E and F). Significant
insulin staining and little Thy1a staining were observed in B6.H28”.1dd32"°”N° pancreata (G and H). Images are longitudinal sections of pancreata at 20 (E and G)
and 200x (F and H) magnification.
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Moreover, much higher peripheral blood (PBL) concentrations of
AI4 T cells were found in B6.H2¢ than B6.H2¥.1dd32"N0P"NOP
mice (Fig. 2D). When immunohistochemistry was used to assess
insulitis at 10 d post-adoptive transfer, we found large numbers
of Al4 T cells and very few insulin-positive cells in pancreata
from B6.H2¢ mice (F;)g 2 E'and F). In contrast, pancreata from
B6.H2Y . 1dd32"°P"V" mice had very few Al4 T cells (Fig. 2 G
and H).

Next, we addressed how /4432 might modulate the activation of
CD4'T cells in a coadoptive transfer setting with AT4 CD8" T cells.
In this study, recipient mice were analyzed 5 d post-adoptive trans-
fer. Following coengraftment with Al4 T cells there were s;gniﬁ-
cantly higher levels in the PBL, PLN, and spleen of B6.H2% than
B6.H2¢.1dd32"°"P CD4" T cells in NOD.Ragl™" recipients
(Fig. 3 Aand B). It was subsequently determined whether the expan-
sion of B6.H2¢ CD4" T cells was dependent on the cotransfer of
diabetogenic CD8" T cells. To address this question, a cohort of
NOD.Rag! il recipients was injected with CTV membrane labeled
B6.H2Y or B6.H2Y.1dd32"°"NOP CD4* T cells in the absence of
AI4T cells. Again, there were significantly higher engraftment levels
in NOD.Ragl™" recipients of B6.H2¢" than B6.H2¢.Idd32"P™P
CD4" T cells (Fig. 3 C and D). Moreover, in all tissues examined,
there was greater proliferation of B6.H2¢ than BG6.H2Y.
1dd32"°P™NOP CD4* T cells (Fig. 3E). Together, these results suggest

T1D incidence Idd32 Subcongenic strains

o B6.H297.Idd32NOD/NOD

Fig. 3. /dd32 modulates the activation and
proliferation of CD4" T cells. (A and B) CD4" T cells
were analyzed in the spleen, PLN, and PBL of 7-
to 10-wk-old female NOD.Rag1™" mice 5 d after
adoptive transfer with 2 x 10° CD4" T cells from
B6.H2%.1dd32"°""% or B6.H25” mice and 1 x 107 Al4
T cells. (A) The frequency CD4" T cells in the spleen,
PLN, and PBL. (B) The number of CD4" T cells in the
spleen. (C-F) CTV-labeled CD4" T cells analyzed in
the spleen, PLN, mesenteric lymph nodes (MLN),
and PBL of 7- to 10-wk-old female NOD.Rag?™"
mice 5 d after adoptive transfer with 2 x 10° CD4"
T cells from B6.H2%” and B6.H2%”.1dd32"°""°P mice

*kkk

o
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o o
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- & & PLN, MLN and PBL. Each symbol represents a single

mouse. Results are displayed as mean + SEM and

were analyzed by the Mann-Whitney test. *P < 0.05,

SPL PLN MLN PBL
**P <0.01, and ***p < 0.001.

that the /dd32 locus controls the pathogenic activation of diabeto-
genic CD8" T cells through modulating the activation and prolif-
eration of CD4" T cells.

T1D Developmentin B6.H2%5” Mice Congenic for Various Intervals
of NOD /dd32. To reduce the number of potential gene candidates
within the 74d32 support interval, we generated 9 B6.H2¢
subcongenic stocks expressing different NOD-derived segments
of the original /dd32 interval (Fig. 4). This was accomplished by
backcrossing B6.H2¢" mice heterozygous for the full-length /4432
locus (B6.H2%.14d32"°P"%%) to B6.H2¢ mice as outlined in the
Materials and Methods. All recipients of subcongenic lines 1, 2,
3, 8, and 9 developed T1D after injection with NOD.Ragl™”.
Al4 splenocytes, while subcongenic lines 4-7 were disease resistant
(Fig. 4). These results shortened the /dd32 support interval to a
<490-kb region on Chr. 11, between 116.33 and 116.82 Mb. The
reduced /dd32 support interval included 15 protein coding and 4
predicted genes containing NOD/B6 polymorphisms, insertions
and deletions, and structural variants (https://www.sanger.ac.uk/
data/mouse-genomes-project/) (Table 1).

Allele-Specific Targeting of Candidate Genes. To identify the
gene underlying /dd32 we used a CRISPR/Cas9 screen that
allows the selective expression of only the B6 or both the B6 and

B6.H297 Full 1 2 3 4 5 6 7
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5/5 717

Fig.4. Comparison of T1D incidence among standard B6.H2&”
mice vs. B6.H2%" strains expressing the full-length interval
(Full) or subcongenic segments of the NOD-derived /dd32 region.

Rhbdf2 (116.62 Mb)

rs3024036 (116.67 Mb)

Al4 splenocytes were adoptively transferred into sublethally

Mxra7 (116.82 Mb)
Mgat5b (116.96 Mb)

irradiated B6.H28” mice or nine B6.H2¢” subcongenic stocks

D11Mit103(117.06 Mb)

expressing different NOD-derived segments of the original /dd32

Tnrc6c (117.77 Mb)

Current support interval

D11Mit48 (118.02 Mb)

interval that were monitored for T1D for 14 d. The congenic
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interval is not drawn to scale.
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Table 1.

List of polymorphic genes within the Chr. 11 support interval 116.33 to 116.82 Mb

Gene Position (Mb)” Protein function SNPs/Indels’
Qrich2 116.332to 116.357 Cell adhesion 27/11
Gm11739 116.357 to 116.365 Predicted gene 40/9
Prpsap1 116.361 to 116.385 Nucleotide biosynthesis 31/20
Sphk1 116.422 to 116.428 T-cell trafficking/survival 16/5
Ube2o 116.429 to 116.472 Protein ubiquitination 110/34
Gm11742 116.441 to 116.441 Predicted gene 24/5
Aanat 116.483 to 116.489 Melatonin production 27/11
Rhbdf2 116.489t0 116.518 TNFa secretion 66/21
Cygb 116.536 to 116.545 Oxygen diffusion 1/0
Gm11744 116.545 to 116.559 Predicted gene 4/9
Stégalnac2 116.568 to 116.587 Sialic acid transfer 50/13
Gm11735 116.629 to 116.642 Predicted gene 50/10
Stégalnac 116.656 to 116.666 Sialic acid transfer 13/2
Mxra7 116.694 to 116.719 Matrix remodeling 106/33
Jmjd6 116.728 to 116.734 Histone demethylation 29/3
Mettl23 116.734 to 116.741 Mental cognition 14/5
Srsf2 116.741 to 116.745 Thymocyte maturation 10/2
Mfsd11 116.743to 116.766 Membrane transporter 95/24
Mgat5b 116.810to 116.878 N-glycan synthesis 60/34

*Marker positions were taken from NCBI build 37.2 (www.ncbi.nIm.nih.gov).
'SNP and Indel types were taken from www.sanger.ac.uk/sanger/Mouse_SnpViewer.

Total number of SNPs and Indels in each candidate gene between the NOD and B6 allele were listed.

NOD allelic variants of individual candidate genes on the same
T1D-resistant (NODx B6.H2¢)F1 genetic background (31).
The general strategy involved injecting NOD one-cell fertilized
embryos with single guide RNA’s (sgRNAs) designed to target
individual /dd32 candidate genes (A). We then screened for
successfully targeted founders containing mutations predicted
to disrupt the candidate gene by sequencing the targeted site.
Founders with potentially deleterious mutations or reading frame
shifts were bred to B6.H2¢ mice to create F1 progeny where the
protective NOD allele was selectively knocked out leaving only the
B6 variant intact (NOD.A™" x B6.H2¢)F1 (Fig. 5A). These mice
were tested for T1D after sublethal irradiation and subsequent AT4
T cell injection. We also tested T1D in NOD.Rag! null recipients of
CD4' T cells from (NOD.A™" x B6.H2¢)F1 knockout progeny
cotransferred with Al4 T cells. Standard (NODx B6.H2¥)F1
mice were used as control recipients and CD4" T cell donors for
comparison.

(NOD.A™" x B6.H2¢)F1 strains carrying different predicted
mutations in Sphkl, Rhbdf2, and Ube2o candidate genes did not
develop TID, ruling them out as contributing to NOD
ldd32-mediated T1D resistance (Table 2). Next, we interrogated
two sialyltransferase encoding genes, StGgalnacl and St6galnac2,
which are highly expressed in CD4" T cells of NOD mice com-
pared to most other inbred mouse strains, including B6 (32). Al4
T cell infusion failed to induce T1D in two different St6galnac2
F1 mutants, excluding this gene as the causative variant. Next, we
tested the T'1D susceptibility of 6 different St6galnacl F1 mutant
strains (strains 1-6) that were created by targeting exon 2 of
St6galnacl. Surprisingly, strains 1, 2, 3, and 4 were entirely resistant
to disease while strains 5 and 6 were susceptible to disease. After
comparing the mutation site sequence between T'1D-resistant and
susceptible strains, we identified that susceptible lines 5 and 6 had
a large deletion between St6galnacl and GM11735 (designated as
NOD.St6galnacl-GM117357"), an adjacent pseudogene that orig-
inated from StGgalnacl. The altered sequence, a consequence of
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the sgRNAs targeting the same exon 2 sequence in both genes,
resulted in a hybrid gene in which St6galnacl and GM11735
respectively contributed the 5" and 3’ segments of exon 2.

A C
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Fig. 5. NOD-encoded Mtv3 controls susceptibility to CD8" T cell-induced T1D.
(A) Schematic illustration of Chr.11 in (NOD x B6.H2¢7)F1 mice that express both
NOD and B6 alleles or only the B6 allele of individual /dd32 candidate genes.
(B) Schematicillustration of the Idd32 locus in NOD and B6.H28” mice as well as NOD
strains harboring various mutations of St6galnac1, Gm11735, and/or Mtv3. Red
circles indicate CRISPR/Cas9 target sites (described in Table 2). () T1D incidence in
sublethally irradiated B6.H2¢” mice and multiple Mtv3-deficient and Mtv3-sufficient
F1 mutant strains adoptively transferred with 2 x 107 Al4 splenocytes. (D) T1D
incidence in NOD.Rag7™" mice adoptively transferred with 2 to 3 x 10° CD4"
T cells purified from different Mtv3-deficient and -sufficient F1 donors along with
2 x 107 Al4 splenocytes. Survival curves were compared by the log-rank test.
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Table 2. Al4 CD8" T-cell-induced diabetes in sublethally irradiated (NOD x B6.H2%”) F1 mice that express only the B6

allele of different individual candidate genes

Gene Strain name Mutation Fraction diabetic
Sphk1 50 bp deletion 0/7
Sphk1 23 bp insertion 0/5
Sphk1 2 bp insertion 0/3
Rhbdf2 21 bp deletion 0/9
Rhbdf2 2 bp deletion 0/5
Ube2o 78 bp deletion 0/3
Stégalnac2 72 bp deletion 0/6
Stégalnac2 4 bp deletion 0/5
Stégalnac Strain 1 65 bp deletion 0/5
Stégalnac Strain 2 1 bp insertion 0/4
Stégalnac Strain 3 5 bp deletion 0/8
Stégalnac1-GM11735" Strain 4 2 bp insertion (in each gene) 0/4
Stégalnac1-GM11735" Strain 5 >40 kbp deletion 6/6
Stégalnac1-GM11735" Strain 6 >40 kbp deletion 4/4
Mtv3 Strain m1 >19 kbp deletion 4/4
Mtv3 Strain m2 >19 kbp deletion 3/3
Mtv3 Strain m3 >19 kbp deletion 3/3
Mtv3 Strain m4 >19 kbp deletion 4/4
Mtv3 Strain m5 >19 kbp deletion 171

“Strain with deleterious deletions in both GM11735 and St6galnacT without excision of the intervening genomic sequence.

"Strains with a large deletion between exon 2 of St6galnac1 and exon 2 of GM11735.

Recipients were monitored for diabetes development for 15 d after adoptive transfer of 1.5 to 2 x 107 Al4 splenocytes.

We reasoned that our results could be explained by two
scenarios: i) that GM11735, or both GM 11735 and St6galnacl,
were the gene(s) underlying /dd32 or ii) a gene in the inter-
vening region between GM 11735 and St6galnacl was the causal
variant. Opposing the first scenario, we found that in strain 4,
our sgRNAs caused predicted deleterious deletions in both
GM11735 and St6galnacl without excision of the intervening
genomic sequence. Yet, these mice remained resistant to
Al4-mediated T1D. To address the second scenario, we com-
pared the de novo assembled NOD and B6 genome sequences
between GM11735 and St6galnacl and found two notable
sequences present on the NOD background. The first sequence
being a noncoding RNA segment (BC018473) with no known
functionality, and the second being M#v3, an endogenous ret-
rovirus which has inserted into the NOD genome at this region
of Chr. 11 (Fig. 5B).

To determine whether M3 was responsible for NOD /dd32-
induced T1D resistance, NOD embryos were injected with sgRNAs
designed to excise the entire gene as well as the adjacent noncoding
RNA segment. Five M3 knockout founders were produced
(Table 2) that were each bred to B6.H2¢ mice. All F1 progeny from
these crosses developed T1D after sublethal irradiation and infusion
with Al4 splenocytes (Fig. 5C). Furthermore, NOD.RagI™" recip-
ients of CD4" T cells from Mrw3-deficient F1 mice cotransferred
with Al4 splenocytes developed T1D (Fig. 5D). These results indi-
cate M3 as the genetic element underlying /dd32.

Mtv3 Deletes V[53+ CD4" T Cells that Support Pathogenic cps8*
T Cell Functions. Previous studies have reported that M3 encodes
a SAg that deletes VP3" thymocytes in NOD mice by a mechanism
that requires MHC (33, 34). Since CD4" T cells regulate the
pathogenic activation of CD8" T cells in T1D, one explanation
for our findings is that this VP subset is critical for promoting

https://doi.org/10.1073/pnas.2312039120

activation of transferred diabetogenic CD8" T cells in B6.H2¢
recipient mice. Hence, we originally tested whether ablating M3
would restore VP3™ T cell development. The frequency at which
individual TCR VB is utilized among splenic T cells of NOD
and Mrw3-deficient NOD.St6galnacl-GM11 7357 mice was
assessed by staining with anti-TCR Vp antibodies. T cells bearing
VB3 represented only 0.4% of NOD CD4" T cells compared
to 3.5% of those from NOD.St6galnacl-GM11735" mice
(Fig. 64). Moreover, we found that the level of V3" T cells in
Mrv3-harboring B6.H2¢.1dd32"°""VP mice was similar to NOD
mice. Conversely, standard B6.H2¢" mice had the same frequency
of VP3" T cells as our five Mrv3-deficient NOD strains (Fig. 6B).

To determine whether V3" become preferential}y activated dur-
ing T1D development, we injected NOD.Ragl™" mice with Al4
T cells combined with CD4" T cells purified from BG6.H2%,
Mrv3-deficient F1, or Mrw3-sufficient F1 mice. VP3" cells among
B6.H2¢ and Mrw3-deficient F1 donor CD4" T cells rapidly
increased to high concentrations (>40% of total CD4" T cells). In
contrast, the frequency of VP3" cells among Mr3-sufficient F1
CD4" T cells did not increase (Fig. 6 Cand D). We also examined
VP3" CD4" T cells in sublethally irradiated Mrw3-deficient and
-sufficient F1 mice after NOD. Rag" Al4 splenocyte transfer. This
found that V3" CD4" T cells become selectively more activated in
Mtv3-deficient than in Mzv3-sufficient F1 mice (Fig. 6E).

We next tested whether V3" CD4" T cells were the only V
subset involved in pathogenically activating diabetogenic CD8"
T cells in our adoptive transfer system. To accomplish this, V3"
and VB3  CD4" T cells were purified from Mr3-deficient F1 mice
and separately cotransferred with NOD.Ragl" Al4 splenocytes
into NOD.Rag! ul recipients. Only recipients of VP3" but not
VB3~ CD4" T cells developed diabetes (Fig. 6F). This demon-
strates that M3 controls susceptibility to Al4 T cell-mediated
diabetic functions through VP3" CD4" T cells alone.
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To determine whether V3" CD4" T cells directly contribute to
beta cell inflammation, CD4’ staining was performed on pancreata
dissected from NOD.Rag! "l recipients of VB3 or VB3~ CD4™ T
cells cotransferred with NOD.Ragl™" Al4 splenocytes. By 12 d
post-transfer, we found substantial numbers of CD4" T cells in the
insulitic lesions of V3" CD4" T cell recipients (Fig. 6G). In con-
trast, CD4" staining was negligible in recipients of V3" CD4" T
cells, which presented very little insulitis, even at 76 d post-transfer
(Fig. 6H). Collectively, these results demonstrate that M#3 inhibits
autoreactive CD8" T cell functions by deleting V3" CD4" T cells,
which harbor a subset of diabetogenic cells that otherwise provide
help for pathogenic CD8" T cell activation.

Single-Cell Sequencing Analysis of Mtv3-Reactive Vﬁ3+ cp4*
T Cells. To characterize B6.H2¢” VP3* CD4" T cells, which are
deleted by NOD-encoded M3 in B6.H2¢. 1dd32""™ mice,
paired single-cell RNA sequencing and single-cell TCR sequencing
were performed on two separate pools of B6.H2¢” CD4" T cells
14 d after they were adoptively transferred into two NOD. Rag1™"
recipient mice. A dimensionality reduction analysis of recovered
CD4" T cells with a full TCR af chain pair revealed 11 distinct
clusters by Uniform Manifold Approximation and Projection
(UMAP) visualization (Fig. 74). Based on established lineage
markers, we identified memory (cluster 0), regulatory (cluster
1), Th1 effector (cluster 2), terminally differentiated (clusters 3),
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from strains m1-m4. Spleens from Mtv3-deficient F1 mice
were analyzed as they developed T1D between 7- and 13-
d post-transfer and Mtv3-sufficient F1 mice were analyzed
at 15 d post-transfer. (F) Incidence of T1D in NOD.Rag1™"
recipients of 2 x 107 Al4 splenocytes cotransferred with
2 to 3 x 10° total or Vp3-depleted CD4" T cells or 1.5 x 10°
purified VB3*CD4" T cells from Mtv3-deficient F1 (strains m3
and m4) or B6.H28” mice. Survival curves were compared
by the log-rank test. (G and H) Immunohistochemistry was
used to assess insulitis in NOD.Rag1™" recipients of 2 x 10’
Al4 splenocytes cotransferred with 2 x 10° V3" depleted
CD4" T cells or 1.5 x 10° purified Vp3* CD4" T cells from
Mtv3-deficient F1 mice. Pancreata were stained for insulin
(red) and CD4 (brown). Little insulin staining and widespread
infiltration with CD4 staining were observed in pancreata of
mice receiving VB3 purified CD4" T cells 12 d post-transfer (G).
Significant insulin staining and little CD4 staining were
observed in pancreata of mice receiving VB3 depleted CD4"
T cells 76 d post-transfer (H). Images are longitudinal sections
of pancreata at 200x magnification.

naive (cluster 4), cycling (cluster 5), follicular helper (cluster 6),
Th17 effector (cluster 8), and cytotoxic (cluster 9) CD4" T cells.
Cells in two additional clusters, clusters 7 and 10, did not present
well-established CD4" T cell differentiation states; cluster 7 cells
displayed a transcriptional profile similar to a population of IL-21"
CD4 T cells found in the islets of prediabetic NOD mice (35),
while Cluster 10 contained cells with an indistinct phenotype.
Development trajectories inferred using the partition-based graph
abstraction and RNA velocity combined algorithim predicted that
effector/memory T cell subsets emerged from the naive T cell
population and that terminally differentiated CD4" T cells were
the most mature subset (Fig. 7B). Quantifying the proportion of
VB3 (Trbv26") cells in each cluster, we found that 776026" cells
were particularly enriched in the memory and Th1 effector CD4"
T cells, as well as cluster 10, while they were relatively scarce
among naive, terminally differentiated, and 7/21 enriched CD4"
T cells (Fig. 7 Cand D).

To assess whether V3" CD4" T cell expansion is antigen
driven, we analyzed our samples for V(D)] clonotypes and TCR
a and P chain gene usage. Both 776026 and 7r6v26™ cells
expressed a similar diversity of Varand Jot segments indicating that
the TCR « chain does not drive V3" T cell expansion (Fig. 7 E
and F). When TCR § CDR3 was separately used to define a clone,
we identified 2,695 Tr6v26" clones, 119 of which were found in
both replicates (Dataset S1). Next, we used GLIPH2 to identify
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Fig. 7. Single-cell RNA and TCR sequencing analysis of adoptively transferred B6.H28” CD4* T cells. Two NOD.Rag1™" mice were injected with separate pools of
splenic CD4" T cells from B6.H28” mice. Recipient spleens were analyzed 14 d after transfer. (4) UMAP visualization of CD4" T cell clusters. (B) Distribution of cells
according to RNA velocity trajectory inference. (C) UMAP plot depicting the distribution of Trbv26" cells. (D) Proportion of Trbv26" and Trbv26  cells in each cluster.
(Eand F) Sankey plot showing TCRx and p V(D)) gene usage in Trbv26™ (E) and Trbv26" (F) cells. (G) Network analysis of Trbv26" and Trbv26~ CDR3 clusters indicating
relationships between TCRs (nodes) that share CDR3p similarity. (H) The same local CDR3p motifs were reproduced in TCRs from both donor mice (Dataset S1)
with correlated enrichment as determined by the Pearson correlation coefficient. (/) Frequency of Trbv26" CDR3p sequences with 0 or 1 amino acid mismatch
compared to CDR3p sequences from islet infiltrating CD4" T cells in NOD background mice. Two published datasets were used (36, 37). The same datasets
were used to identify islet infiltrating CD4" T cell clones with 0 or 1 amino acid mismatched CDR3p sequences to our ten most expanded Trbv26" clonotypes (/).

specificity groups within the 776v26" CDR3f repertoire. This
package clusters TCRs with a high probability of sharing antigen
specificity due to both conserved motifs (motifs >10 fold enriched,
0.001 > probability of enrichment by chance) and global similarity
(CDR3s differing by up to one amino acid) of CDR3 sequences
(38). This involves selecting CDR3p sequences with statistically
significant motifs compared to a reference set of CDR3p sequences
(Fisher_score < 0.05). We found that a high proportion V3" TCR
sequences fell within a single cluster of related CDR3 sequences
(Fig. 7G). These were composed of 29 enriched CDR3 4mer motif
patterns (Fig. 7H) as well as several globally conserved CDR3
sequences (each pattern containing > 5 unique CDR3s), the most
prominent of which arose from VB3/Jp1.1 pairings (Dataset S2).

https://doi.org/10.1073/pnas.2312039120

To investigate whether our 7r6v26" sequences could be linked to
previously identified islet-reactive TCR f chains, we aligned our
Trbv26" sequences to 10,900 CDR3 sequences from two studies
that performed single-cell TCR sequencing on T cells from NOD
background mice. One study analyzed islet infiltrating T cells in
mutant NOD mice carrying a human gain of function mutation
in STAT3 (NOD.STAT*F) that substantially accelerates T1D
onset compared to standard NOD mice (36). The second study
analyzed insulin-specific CD4" T cells during the early prediabetic
phase of disease in PLN and islets of NOD mice (37). Against
these two datasets, we identified 116 exact CDR3p matches
(4.3%) and 968 matches within one amino acid mismatch (36%)
for CDRs of the same length, which was considerably higher in
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Fig. 8. Spontaneous T1D in wild-type NOD vs. Mtv3-deficient NOD mice.
The incidence of T1D in male and female mice of the indicated genotypes.
Combined data from four NOD.Mtv3™ strains (m2, m3, m4, and m5 in Table 2)
are shown. Survival curves with no common letters differ significantly (P < 0.05)
when compared by the log-rank test.

proportion compared to 77626 clonotypes that harbor all the
remaining VP segments (Fig. 7/). These CDR3ps (cither exact
matches or 1 mismatch) were found for our 10 most expanded
Trbv26" CDR3p sequences, the mayjority of which were from the
islet infiltrate of NOD. STAT" %% mice (Fig. 7/). Our most
dominant 7r6v26° CDR3P sequence, CASSLSSQNTLYE
included matches for two insulin peptide MHC tetramer reactive
clones that used VP15/Jp24 pairings. Interestingly, almost iden-
tical sequences (CASSLGSQNTLYF and CASSLGGQNTLYF)
from a VP15/]B2.4 pairing were reported in a study of CDRs of
public memory CD4" T cell clonotypes isolated from PLN of
prediabetic and diabetic NOD mice (39). These findings suggest
that Mtv3-reactive VB3* CD4" T cells in B6.H2¢ mice include
clonotypes capable of recognizing the same islet antigen(s) as a
subpopulation of autoreactive CD4" T cells in NOD mice.

Unaltered Spontaneous T1D Presentation in Mtv3-Deficient
NOD Mice. Finally, we tested whether deleting Mv3 and restoring
VPB3" T cells would affect spontancous T1D in NOD mice. The
timing of onset and the incidence of disease were similar between
NOD and M#3-deficient NOD (NOD. M3 ™) mice, indicating
that diabetes presentation in NOD mice is unaltered by M 3-
mediated depletion of VB3* T cells (Fig. 8).

Discussion

It has been known for decades that most common inbred mouse
strains carry between 2 and 8 endogenous Mzvs, all of which
express functional SAgs that create gaps in the peripheral T cell
repertoire through intrathymic deletion of cognate T cells (40).
However, the importance of this phenomenon for mouse models
of autoimmune diseases has not been determined. Here, we report
that the M3 provirus harbored by NOD mice deletes VB3"
CD4" T cells that includes a population of SAg-reactive T cells
which in some contexts can contribute to T1D pathogenesis. This
work establishes M3 SAg as the dominantly protective genetic
element underlying our previously identified /dd32 locus (25).
This represents one of several loci where the NOD allele paradox-
ically confers T1D resistance (1, 41). The protective effect of such
intervals is usually masked by the large number of T1D suscepti-
bility genes carried by this strain but can be revealed in outcrosses
of NOD mice to other strains. It is notable that /4432 is the only
1dd locus discovered thus far where the underlying gene is an
endogenous retrovirus.

Mrv3 SAg-reactive CD4" T cells appear to recognize a beta cell
antigen(s) since VPB3" CD4" T cells purified from M3 deficient

NOD mice accumulated in islet infiltrates after adoptive transfer.
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This is consistent with a previous finding that although VP3* T cells
are very rare in NOD mice, the small number which survive intra-
thymic deletion make up a high proportion of those in the earliest
islet infiltrates (42). Interestingly, circulating V3" T cells in this strain
present an activated phenotype which may be because those escaping
clonal deletion become pathogenically activated from SAg presenta-
tion by peripheral APCs (43). In our model system, V3" T cells were
not the final effectors of beta cell destruction. Instead, they precipi-
tated T1D through pathogenically activating diabetogenic CD8" T
cells which in turn kill beta cells through their cytotoxic effector
functions. Apart from a requirement for CD40-CD40L interactions,
the precise nature of this CD4" T cell help remains undetermined.
However, it is likely to involve DC licensing and/or the production
of T helper cytokines, which are mechanisms through which CD4"
T cells are known to support pathogenic CD8" T cells in NOD mice
(44). We found that our AI4/CD4" T cell coadoptive transfer system
induced T1D with equal efficiency in Ragl-deficient NOD and
B6.H2¢ recipients. This indicates that the diabetogenic capacity of
VB3" CD4" T cells is not influenced by M3 SAg presentation by
peripheral APC:s after adoptive transfer. The CDR3 clustering pat-
tern we observed in proliferated B6.H2¢” VB3* CD4" T cells in adop-
tively transferred NOD.RagI™ hosts is indicative of antigen-driven
clonal expansion. Among these clonotypes, we identified numerous
CDR3p sequences also found in CD4" T cells from islet infiltrates
and PLN of NOD mice (36, 37). Since it is rare that T cells with
unrelated antigen specificities share CDR sequences, this finding
suggests that B6.H2¢" VB3' CD4" T cells harbor clonotypes capable
of recognizing the same islet antigen(s) as a portion of CD4" T cells
in NOD mice. In the future, it would be interesting to determine
whether Mr3-reactive VP3" CD4" T cells respond to any of the
currently known diabetes-related autoantigens.

While it is not specifically demonstrated that Mz SAgs play a
direct role in an autoimmune process, previous work has demon-
strated that these molecules modulate immune responses in exper-
imental murine models of cancer and infectious disease (40). In
models of polyomavirus- and Esb-induced lymphoma, the presence
of the Mtv7 SAg presents a selective disadvantage by eliminating
a population of T cells that are critical for tumor immunity (45—
47). On the other hand, SAgs from M7 and Mrw29 activate T
cells respectively required to support the development of neuro-
pathogenesis during Plasmodium berghei ANKA infection and
spontancous B cell lymphomagenesis (48—50). It was possible to
detect the involvement of Mrw SAgs in these disorders because they
delete or activate a single critical TCR V specificity that recognizes
a discrete MHC-restricted antigen, such as an immunodominant
peptide derived from the PyV middle T protein (51) and
Mrw7-encoded SAgs for Esb and B cell lymphomagenesis (47). In
contrast, there is little evidence to support a role for M SAgs in
mouse models of complex diseases where pathology can be driven
by T cells bearing different combinations of VP specificities.
Indeed, we found that deleting M#3 and restoring VP3" T cells
in NOD mice did not affect their susceptibility to spontaneous
T1D. This is not surprising given that almost half of murine Vf
gene segments are dispensable for disease in this model (52). Such
redundancy is strikingly divergent from the adoptively transferred
CD8" T cell-mediated T1D we observed in B6.H2¢ mice, which
is under the control of a single CD4" TCR Vf segment. This binary
presentation of disease resembles T1D in rat strains bearing the
high-risk MHC II haplotype RT'1.B/D", which is controlled by a
single CD4" TCR VP specificity, VP13 (53). The TCR Vp13
encoding gene segment is harbored within a dominant rat diabetes
susceptibility locus (Iddm14) (54-56). The TcrbVI3S1AI allele is
expressed by six T1D susceptible rat strains, whereas strains that
are resistant express either 7¢r6VI3SIA2 or a nonfunctional

https://doi.org/10.1073/pnas.2312039120 9 of 11
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version of the gene (7cr6VI13S1A3P). Selective antibody depletion
or genetic deletion of VB13" T cells prevents disease in the suscep-
tible rat strains (57, 58). Like M3, this is an example of a
genome-encoded element (polymorphisms in the TCR-Vp13
gene) that controls T1D susceptibility by altering the TCR
repertoire.

Although HERVs are associated with a variety of autoimmune
disorders, including T1D (4, 59, 60), it is largely unknown
whether humans harbor retroviral SAgs with potential for
VB-specific T cell deletion/activation. HERVs account for ~9%
of the genome and some families, including HERV-K(C4),
HERV-K10, and HERV-K18, are closely related in sequence sim-
ilarity to Mzvs (8, 61-63). Previous studies have described an
HERV-K18 family-related endogenous retroviral sequence, des-
ignated IDDMK(1,2)22, encoding a protein with SAg properties
in T1D patients (7, 8). Membrane expression of this SAg was
thought to account for the preferential expansion of V7" T cells
found in the insulitic lesions of patients at the clinical onset of
T1D. However, virus expression was later attributed to DNA
contamination in PCR-amplified sequences (10, 11, 64, 65).
Another study showed that the HERV-K18 envelope gene on
human Chr. 1 encodes an SAg capable of inducing the negative
thymic selection of VB7" CD4" T cells in an in vitro assay (14).
Separately, polymorphisms in the HERV-K18 SAg were reported
to be associated with T1D risk (6). However, this was later refuted
(9). A low number of HERV-K copies in the complement com-
ponent C4 (C4) gene cluster has been associated with T1D risk
(13). C4 is the second gene in the four-gene RCCX cassette
located midway between MHC class I and class II genes and is
highly variable for copy number and HERV-K(C4) inclusion (66).
Having zero or one copy of HERV-K(C4) has been associated
with T1D susceptibility independently of the linkage between
HERV-K(C4) and the MHC class II interval (13). It is tempting
to speculate that HERV-K(C4) encodes a SAg that deletes TCR
specificities that are important for human T1D development,
analogous to Mm3. However, the challenge with identifying such
SAg-T cell interactions in genetically heterogeneous humans is
that different MHC 1I alleles exhibit strikingly dissimilar SAg
presentation abilities (67—69). Nevertheless, the possibility that
the human genome encodes SAgs capable of influencing disease
when expressed in genetically susceptible individuals is intriguing
and deserves further study.

Finally, our work raises interesting questions about the impact
of Mtvs on mouse models of human immune responses. Mz SAgs
are thought to be retained to protect against the horizontal trans-
mission of exogenous milk-borne MMTYV infections as these
viruses are lymphotrophic and rely on SAg-induced T cell activa-
tion in their life cycle (70). However, given that i) Mzvs harbored
by common mouse strains affect a high proportion of V families,
ii) both CD4" and CD8" T cell are subject to deletion by SAgs,
and iii) most inbred mouse strains inherit between 2 and 8 Mtvs
(17, 40), it seems likely that Mrv SAgs have more of an influence
on mouse models of human immune responses than we currently
realize. Dissecting such complexity presents a difficult task, which
in most cases the relevancy for the human disease being modeled
remains unclear. Hence, in the future, it may be desirable to study
human immune responses using stocks of Mzv knockout mice
that express a full VB TCR repertoire, which could easily be gen-
erated using existing gene-editing technologies. At the same time,
further study of Mrwv SAgs remains a worthwhile endeavor as their
interactions with the immune system offer unique insights into a
host of human pathologies, including cancers, infectious diseases,
and autoimmunity. A good example is the current work in which

https://doi.org/10.1073/pnas.2312039120

transferring Mv3 to normally spontaneous T1D-resistant B6.H2¢”
mice revealed a population of diabetogenic CD4" T cells that may
recognize an autoantigen of importance for human T1D.
Although our current study provides proof of principle that ret-
roviral SAgs can contribute to T1D pathogenesis, it is unresolved
whether humans harbor retroviral SAgs with potential for VB-specific
T cell deletion/activation. However, given that HERVs account for
a significant portion of the human genome, that some human ret-
rovirus families are closely related in sequence similarity to Mzvs, and
that HERVs are associated with a variety of autoimmune disorders,
including T1D, this question deserves revisiting. Another consider-
ation is that we used an adoptive transfer model of T1D which is
considered somewhat artificial compared to the spontaneous form
of T1D that arises in NOD mice. However, our platform provides
unique opportunities to detect gene—masking and gene-gene inter-
action effects that are normally concealed or absent in NOD mice,
which may be of importance for certain subtypes of the human
disease. A good example is Mrv3 that has no detectable impact in
NOD mice but is highly protective against T1D in B6 background

mice.

Methods and Methods

An extended description of mouse strains, genetic analysis, adoptive
transfer studies, flow cytometry, immunohistochemistry, single-cell
RNA and TCR sequencing, and additional data that contribute to
the results are provided in S7 Appendix. In brief, we generated a con-
genic stock of B6.H2¢ mice homozygous for the NOD allele of
1dd32 and confirmed its resistance to CD8" T cell-induced T1D.
Subsequent adoptive transfer studies using RagI-deficient B6.H2¢"
or NOD mice as hosts showed that the effect is manifested through
CD4" T cells. Next, we shortened the 74432 congenic interval by
generating 9 B6.H2¢ subcongenic stocks expressing different NOD-
derived segments of the original /dd32 interval and tested them for
CD8" T cell-mediated T1D susceptibility. Candidate genes in the
shortened /dd32 region were assessed using a CRISPR/Cas9 screen
designed for the selective expression of only the B6 or both the B6
and NOD allelic variants of individual candidate genes on the same
T1D-resistant (NODx B6.H2%)F1 genetic background. We tested
several (NODx B6.H2¢)F1 mutant mice for T1D susceptibility
which identified M#3 as the likely candidate for /dd32. This was
confirmed by demonstrating the susceptibility to CD8" T cell-
induced T1D of (NODx B6.H2¢)F1 mice from which M#3 was
excised. Additional adoptive transfer studies were performed to show
that Mrw3 confers T1D resistance by deleting V3" CD4" T cells,
which otherwise accumulate in insulitic lesions and trigger the path-
ogenic activation of diabetogenic CD8" T cells in B6 background
mice. We also performed paired single-cell TCR sequencing and
single-cell RNA sequencing to document that V3" CD4" T cell
activation is likely antigen driven. Last, we performed a T1D inci-
dence study to assess whether deleting M3 and restoring Vp3"*
T cells would affect spontaneous T1D development in NOD mice.

Data, Materials, and Software Availability. Single cell transcriptome sequencing
code data have been deposited in NCBI GEO database https://www.ncbi.nlm.nih.
gov/geo (accession no. GSE233060)(71) and Github code hosting platform https://
github.com (72).
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