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Progression of type 1 diabetes from the prediabetic
stage is controlled by interferon-a signaling
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Blockade of IFN-a but not IFN- signaling using either an antibody
or a selective STPR1 agonist, CYM-5442, prevented type 1 diabetes
(T1D) in the mouse Rip-LCMV T1D model. First, treatment with
antibody or CYM-5442 limited the migration of autoimmune “anti-
self” T cells to the external boundaries around the islets and pre-
vented their entry into the islets so they could not be positioned to
engage, kill, and thus remove insulin-producing g cells. Second,
CYM-5442 induced an exhaustion signature in antiself T cells by
up-regulating the negative immune regulator receptor genes
Pdcd1, Lag3, Ctla4, Tigit, and Btla, thereby limiting their killing
ability. By such means, insulin production was preserved and glucose
regulation maintained, and a mechanism for S1PR1 immunomodu-
lation described.
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ype 1 diabetes (T1D) is an autoimmune disorder defined by

infiltration of autoreactive lymphoid cells into the islets of
Langerhans that destroy insulin-producing f cells (1). By the time
of clinical diagnosis, T cells have destroyed 60-80% or more of
total p cells, resulting in high blood glucose levels as a result of low
insulin production. Prevention of ketoacidosis and death require
lifelong delivery of exogenous insulin. However, daily insulin
therapy is associated with increased prevalence of debilitating
pathologies of cardiovascular, central and peripheral nervous,
ophthalmic, and peripheral vascular systems among others.

A role for type I IFN in autoimmune disease was first reported
by Notkins’ laboratory (2) and pancreata removed at necropsy
from humans with T1D displayed significant increases in type I
IFN (3, 4). Treatment of humans having hairy cell leukemia (5) or
hepatitis C virus (6) with IFN-o was associated with induction or
acceleration of the diabetogenic process, and recent longitudinal
studies demonstrated that a IFN-I gene signature of individuals at
risk for developing T1D preceded clinical onset (7, 8). Direct
evidence for an association of IFN-I with T1D was shown by
Stewart et al. (9) in transgenic (tg) mice and strengthened in
studies with NOD mice (10, 11). Unanue and coworkers (10)
found IFN-I transcriptional signatures within the islets preceded
T-cell activation. McDevitt and coworkers (11) reported treatment
of 2- to 3-wk-old NOD mice with antibody to IFNARI1 delayed the
onset and decreased the incidence of T1D. Using the virus-
induced Rip-LCMV TI1D model, Zinkernagel and coworkers
(12) demonstrated that genetic ablation of Ifnar could delay onset
of T1D. However, the mechanism of action by type I IFN was
unknown. Here, we report studies that define the species of type I
IFN and mechanism involved causing T1D and therapeutic ap-
proaches to prevent diabetes by preserving p-cell function.

Results and Discussion

To uncover the pathological role(s) of IFN-I, a viral mouse
model of T1D (13) was used in which several parameters mimic
immunological and histopathological components of human
T1D and the “self” antigen recognized by specific autoimmune
T cells causing T1D was known. Such antigen-specific autoim-
mune T cells were isolatable, quantifiable, and transferable. This
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model was accomplished by placing the glycoprotein (GP) of
lymphocytic choriomeningitis virus (LCMV) under the tran-
scriptional control of the rat insulin promoter (RIP) in C57BL/6
mice (13). In this model (Rip-LCMYV), B cells express the
known MHC-I restricted CD8 CTL GP immunodominant
epitopes for the LCMV GP (amino acids 33-41 and 276-286,
respectively) and the MHC-II restricted CD4 T-cell epitope
GPg;1_g0. By expressing the GP transgene only within the islets,
CD8* T cells were found to be necessary for causing T1D,
whereas CD4* T cells were not (14). Rip-LCMV mice chal-
lenged i.p. with 2 x 10° pfu of LCMV developed T1D defined
as blood glucose >250 mg/dL and a robust lymphoid cell in-
filtration into the islets with significant islet destruction within
12-21 d after viral infection (Fig. 1). A virus (LCMV-GPV)
constructed having mutations in the glycoprotein (GPs34;: GP
38 F/L and GP,76.05s: GP282 G/D) failed to generate CTL and
develop T1D (Fig. S1). Further, CTL clones generated against the
GP33 and GP276 epitopes do not lyse targets expressing LCMV-
GPV (15, 16). These findings indicated the specificity of the virus/
CTL/Rip-LCMV model.

Intraperitoneal inoculation of Rip-LCMV mice with LCMV
resulted in the expression of type I IFN in the sera in the first
24 h after infection (p.i.) (Fig. 14). IFN-p peaked at 24 h p.i,,
whereas IFN-o peaked at 48 h p.i (Fig. 14). Rip-LCMV mice
were treated 1 d before infection and at day 5 p.i. with an anti-
body against IFN-alpha-beta receptor 1 (anti-IFNAR-Clone
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Type 1 diabetes (T1D) is an increasing medical health problem
caused by autoimmune T cells killing insulin-producing g cells in
the islets of Langerhans. When the majority of B cells are
destroyed, unless exogenous insulin is administered, ketoaci-
dosis and death follow. However, providing exogenous insulin
does not prevent the resultant complications of stroke, heart
disease, visual impairment, or faulty wound healing, indicating
the need to preserve f cells in the prediabetic stage to insure
endogenous insulin production. We show that blockage of IFN-a
signaling prior to clinical T1D disease by antibody or a sphin-
gosine-1 receptor agonist prevents autoaggressive T cells from
entering the islets and killing p cells. The result is aborting T1D
by acting at the prediabetic stage.
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Fig. 1. IFN-a signaling is required for development of T1D. Rip-LCMV mice were infected with 2 x 10° pfu LCMV i.p. and treated with either IgG isotype
control antibody or antibody to IFNAR, to IFN-a or IFN-B at day —1 and day 5 p.i. (A) Serum levels of IFN-« and IFN-B were measured O, 1, 2, 3, and 7 d after
LCMV infection by ELISA. (B) Blood glucose levels over a 31-d postinfection period following IFNAR blockade. (C) Representative H&E-stained sections of
pancreatic islets within Rip-LCMV mice at day 15 p.i. (D) Immunofluorescence (I.F.) analysis islets of peri-islet (anti-IFNAR) or intraislet (IgG isotype) accu-
mulation of CD3* T cells at day 15 p.i. (E) Blood glucose levels over a 31-d postinfection period following anti-IFNa blockade. (F) H&E analysis of islets from
anti-IFNa-treated mice at day 15 p.i. (G) Blood glucose measurements were taken over a 21-d postinfection observation period during CYM-5442 treatment.
(H) H&E analysis of islets showed presence of lymphoid cells outside of the islet (yellow arrow) of CYM-5442—treated mice at day 15 p.i. In contrast, vehicle
control display massive lymphoid cell infiltration into the islet (yellow arrows). Serum IFN-I levels represent average from eight mice from two independent
experiments. H&E and I.F. images are representative of at least three mice per group. ***P < 0.001, two-way ANOVA.

MARI1-5A3) (17). Fifteen days p.i., 8/10 isotype control mice
(80%) developed diabetic blood glucose levels of >250 mg/dL
which increased to levels 350-600 mg/dL in all (10/10) mice,
necessitating euthanasia. In contrast, mice (10/10) treated with
anti-IFNAR maintained normal blood glucose levels (<250 mg/dL,
range 145-200 mg/dL) over an observation period of 31 d (Fig.
1B). Examination of islets within anti-IFNAR-treated mice
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revealed significant reduction in lymphoid cells infiltrating into
the islets, but accumulation of lymphoid cells around the islets
(Fig. 1C) at day 15 p.i. compared with IgG isotype-treated con-
trols. Immunofluorescence analysis at day 21 p.i. of IFNAR
antibody-treated mice confirmed that CD3* T cells were pre-
dominantly localized to the peri-islet border as opposed to inside
the islets (Fig. 1D). A statistically significant reduction (P < 0.01)
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in the islet pathology score was observed with anti-IFNAR-
treated mice compared with IgG control-treated mice at day
15 p.i (Fig. S2).

IFN-a, but Not IFN-B, Is a Required Signal for Autoreactive T Cells to
Enter the Islets. We determined whether IFN-a or IFN- was re-
sponsible for causing T1D. Within the mouse, type I IFN is divided
into one IFN-f molecule and 14 IFN-a species of molecules.
Antibody-mediated neutralization of IFN- (clone HDB-4A7) was
associated with intraislet penetration of lymphoid cells (Fig. 1C) and
resulted in a similar islet pathology score to control mice (Fig. S2).
In contrast, blockade of IFN-a aborted lymphocyte trafficking into
the islets and T1D. For these studies, we used a neutralizing anti-
body (clone TIF-3C5) that targets six murine IFN-a species (IFN-
aA, IFN-1, IFN-4, IFN-5, IFN-11, and IFN-13) (18, 19). Anti-IFN-a
prevented T1D over the 31 d after LCMV infection (Fig. 1E). In-
spection of the pancreatic islets within anti-IFNo—treated mice
revealed peri-islet cuffing of lymphoid cells (Fig. 1F, yellow arrows)
with negligible lymphocytes inside the islets. Corresponding ame-
liorated pathology of the islets led to a significantly reduced (P <
0.01) pathology score compared with controls (Fig. S2).

Targeting Sphingosine-1-Phosphate Receptor 1 Signaling Is a
Pharmacologically Relevant Approach to Abrogate Lymphoid Migration
into the Islets to Preserve Insulin-Producing p Cells and Abort T1D.
Sphingosine-1-phosphate receptor 1 (SIPR1) agonists like CYM-
5442 modulate lymphocyte trafficking and significantly alter [FN-o
autoamplification acting primarily on pDCs to reduce IFN-o ex-
pression by promoting the turnover of IFNAR at the cell surface,
resulting in reduced STAT1 phosphorylation and inhibition of type
I IFN autoamplification (20). To determine whether modulation of
the S1PR1 signaling would abort the development of T1D, Rip-
LCMV tg mice infected with virus and receiving daily administra-
tion of CYM-5442 (10 mg/kg) showed normal blood glucose levels
over a 21-d observation period compared with isotype control in
which four out of five mice displayed diabetic levels (>250 mg/dL)
by day 10 p.i. and all by day 15 p.i (P < 0.001) (Fig. 1G). Pancreata
of the CYM-5442—treated group at day 15 p.i. revealed inflamma-
tory T cells located around the outside of the islet but absence in-
side the islet (Fig. 1H).

To track GP-specific CD8* T cells, we transferred 20,000 con-
genic Thyl.1" CD8" T cells (P14) from TCR tg mice that rec-
ognize the LCMV GPs;_4; epitope (21) into Rip-LCMV mice 2 d
before LCMV infection. Pancreata within anti-IFNAR-treated
mice were devoid of infiltrating P14 T cells at day 15 p.i. In virus-
infected Rip-LCMV mice treated with anti-IFN-a, P14 T cells
were found localized at peri-islet walls and not within the islets at
day 7 p.i (Fig. 24). In contrast, mice treated with IgG isotype
control displayed robust P14 T-cell infiltration into the islet in-
terior as early as day 7 p.i (Fig. 24).

We did not detect differences in the number of P14 T cells in
the spleens of IgG isotype-treated control mice compared with
anti-IFN-o treated mice at day 7 p.i., whereas a dramatic re-
duction in P14 T cells was observed following anti-IFNAR treat-
ment (Fig. 2B). Through RNA-sequencing (seq) analysis, we
found several genes traditionally associated as phenotypic markers
of effector CD8* T-cell differentiation, e.g., Zeb2, Klrgl, Notch3,
and the migratory receptors Cx3crl and SIpr5 were up-regulated
within P14 cells isolated from the spleens following blockade of
IFN-a signaling (Fig. S3). No differences were detected in mRNA
or protein expression of 7bx21 (TBET), Eomes (EOMES) or the
immune regulatory receptor Pdcdl (PD-1) on anti-IFN-o—treated
mice (Fig. 2C). P14 T cells isolated from the spleens of anti-IFN-
a-treated mice showed a significant reduction in the joint ex-
pression of both IFN-y and TNF-a but similar expression of IFN-y
following ex vivo restimulation with LCMV-GP3;_4; peptide (Fig.
2D). Blockade of IFN-a resulted in similar viral titers in the serum
compared with IgG isotype-treated control mice (Fig. 2E).
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Fig. 2. Blockade of IFN-a signaling prevents the migration of anti-self GP-
specific T cells into the islets but does not limit their expansion or effector
activity in the spleen. Twenty thousand P14 CD8" T cells were adoptively
transferred into Rip-LCMV mice 2 d before LCMV infection. (A) Immuno-
fluorescence analysis of islets at day 7 p.i. revealed P14 T cells localized to the
islet border (yellow arrows) in anti-IFNo—treated mice. (B) Numbers of P14
CD8™ T cells in the spleens at day 7 p.i. (C) RNA-seq read counts and protein
expression of Thx21 (TBET), Eomes (EOMES), and Pdcd1 (PD-1) on P14 T cells
at day 7 p.i. in the spleen. (D) Intracellular IFN-y and TNF-a was measured in
P14 T cells following ex vivo peptide restimulation of splenocytes with the
LCMV GP33_4¢ peptide at day 7 p.i. (E) Viral titers in the serum. Immuno-
fluorescence analysis was representative of three pancreata per group. Ex
vivo peptide restimulation was performed on two independent experiments
with at least four mice per group. Flow cytometry data were generated from
at least four mice per group. Viral titer analysis represents at least 11 mice
per group. ***P < 0.001, one-way ANOVA.

Collectively, these results provide evidence that blockade of IFN-a
with antibody use is not halting the expansion or functional activity
of anti-self GP-specific T cells. The anti-IFN-a antibody blocks at
least 6 of the 14 IFN-a species (18, 19) and suggests a species of
IFN-a not targeted by the antibody to IFN-a used was sufficient to
allow P14 T cells to expand in response to LCMYV infection.

A Type I IFN Gene Signature Precedes CD8* T-Cell Infiltration into the
Pancreatic Islets Following Infection of Rip-LCMV Mice. We in-
vestigated how blockade of IFN-o may impact islet-specific gene
expression and control leukocyte migration into the islets. We
found 204 differentially expressed genes (FDR-adjusted P < 0.05)
within the islets of the IgG isotype control group, of which 75 had a
log,|FC|>1 compared with naive controls at day 3 p.i (Fig. S4). A
significant enrichment for genes associated with early detection of
RNA viruses including Ddx58 (RIG-I) and Ifihl (MDAS), genes
involved in the formation of the IFN-stimulated gene factor 3
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(ISGF3) complex (Statl, Stat2, Irf9) and several other IFN-
stimulated genes (ISGs) including Irf7, Ifit-1, Ifit-2, Ifit-3, and Mx2
was noted (Fig. 34). The IFN-I gene signature at day 3 p.i. was
supported by gene ontology annotation that showed an enrichment
for IFN-I-induced response pathways (Fig. 34). Several IFN-I-
induced genes remained significantly up-regulated day 7 p.i (Fig.
3B). Further, expression of T-cell-specific genes including CdS8,
Gzmb, and Ifng was found at day 7 p.i., supporting the histological
evidence of a robust GP-specific CD8" T-cell presence within the
islets of IgG isotype-treated control mice at this time-point (Fig. 24).

Significant differences in gene expression within the islets of
mice treated with antibody to IFN-a compared with IgG isotype
control were not detected at day 3 p.. in any immune- or
inflammation-related pathways (Fig. S54), and levels of type I IFN
targets genes were comparable between the two groups (Fig. S5B).
However, an increase in IFN-p in the serum following anti-IFN-a
treatment was found. The extra IFN-f may likely have enhanced
IFN-I-induced gene expression in the islets, because IFN-f has a 20-
to 30-fold higher affinity to IFNAR than IFN-o, and results in more
potent signaling transduction through IFNAR. At day 7 p.i.,, a sig-
nificant reduction in the expression of genes associated with CD8*
T cells including Gzma, Ifng, and CD8a occurred (Fig. 3 C and D).

Increased Expression of Negative Immune Regulating Surface
Molecules on Autoreactive T Cells Is Observed Following Treatment
with the Selective S1PR1 Agonist, CYM-5442. The phenotypic con-
vergence of anti-IFN-a and S1PR1 agonist inhibition of T1D led
us to hypothesize there might be shared checkpoints at the
molecular and cellular level whereby targeting SIPR1 prevented
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T1D disease. Adoptive transfer of P14 T cells resulted in their
migration to the islets but were restricted to geographical areas
outside and surrounding the islets at day 7 p.i. in CYM-5442-
treated mice (Fig. 44). RNA-sequencing (seq) analysis on P14
T cells from the spleen showed that CYM-5442 treatment reduced
mRNA expression of genes associated with activated CD8" T-cell
effectors including Klrgl, Gzma, and SIpr5 (Fig. 4B). Importantly,
several genes that inhibit the immune response of T cells and
cause T-cell exhaustion (22) were up-regulated including Pdcdl
(encoding PD-1), Lag3, Ctla4, Btla, and Tigit (Fig. 4B). The finding
was supported by gene set enrichment analysis (GSEA) where we
found that genes up-regulated in exhausted CD8 T cells isolated
during chronic LCMV infection (22) were similarly up-regulated
in P14 T cells from CYM-5442—treated mice (Fig. 4C). We next
determined whether CYM-5442 treatment influenced GP-specific
CD8 T-cell responses within the spleens of transgenic mice that
express enhanced YFP (eYFP) from an IRES element placed
after the stop codon of IFN-y mRNA (23). Ex vivo peptide
restimulation with LCMV GPs3_4; peptide resulted in a significant
(P < 0.05) reduction in median fluorescence intensity (MFI) of
GP334; tetramer-positive CD8" T cells expressing eYFP and,
thus, IFN-y in the CYM-5442 group (Fig. 4D). CYM-5442 treat-
ment also resulted in a reduction in the MFI of the degranulation
marker CD107a, whereas PD-1 expression was elevated (Fig. 4D).
Examination of P14 T cells in Rip-LCMYV mice treated with CYM-
5442 revealed a significant (P < 0.05) increase in the surface ex-
pression of PD-1 on P14 T cells in the spleen, pancreatic lymph
nodes, and blood, whereas LAG3 expression was significantly in-
creased on P14 cells in the spleen and blood at day 7 p.i (Fig. 4E).

| e D
-05 0 05

L L

Anti-IFN-a / IgG Isotype

"Gibr2

B
=
o
w
40

|igp1. .Cd274

20

Gbp4
. $Gm12250

C

Efdllb (Gzmag,1gtp o
Atp2a3 g
Gzma [ ]
II18rap Ifng'9€d8a

Ck -2 -1 0 1 2
Nkg7. Down Up

8 B Fold change (log2)

Y
p value (-log1q)

10

-
=2
5}
3,
@

0

Q ) Q NS SN P ®
p value (-Iog1 0) p value (-Iog1 0)

19G isotype Anti-IFN-a

Fig. 3. IFN-I gene signature is observed within the pancreatic islets following infection with LCMV. RNA isolated from pancreatic islets of Rip-LCMV mice was
subject to RNA-seq analysis. (A) Volcano plot highlights 75 differentially expressed genes (log, |[FC| > 1 and FDR < 0.05; of total 204 genes at FDR < 0.05) between
naive and LCMV-infected mice at day 3 p.i. with corresponding gene ontology enrichment analysis below. Labeled in blue are genes associated with IFN-I signaling.
Ddx3y, Uty, Kdm5d, and Elf2s3y were excluded from the volcano plot because they are Y chromosome-linked genes not found in LCMV-infected female mice.
(B) Volcano plot shows 1,825 differentially expressed genes (log, |FC| > 1 and FDR < 0.05) between naive and LCMV-infected mice at day 7 p.i. with corresponding
gene ontology annotation below. (C) Heat map showing top 50 most differentially expressed genes between anti—IFN-o and 1gG isotype control at day 7 p.i. Color
scale is variance with respect to row means. (D) Volcano plot highlights 251 differentially genes (log; |FC| > 1 and FDR < 0.05). Gene ontology annotation was
acquired from genes sets comprising genes with log, [FC| > 1 and FDR < 0.05. RNA-seq data were generated from islet RNA of three individual mice per group.

Marro et al.

PNAS | April 4,2017 | vol. 114 | no.14 | 3711

IMMUNOLOGY AND
INFLAMMATION


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700878114/-/DCSupplemental/pnas.201700878SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700878114/-/DCSupplemental/pnas.201700878SI.pdf?targetid=nameddest=SF5

L T

/

1\

BN AS  PNAS D)

A B

Vehicle

CYM-5442 / Vehicle

30

20

CYM-5442

-log10(pvalue)
10 15
.

sy
1 Kir
Gzma'
°

SN
Py
s, Sgakit
g
3
1 2

-3 -1 0

-2 3
—

Gene set:
Genes up-regulated in
exhausted CD8+ T cells

ES=0.62
FDR=0.10
p<0.0001

C cYM-
5442 Vehicle

Enrichment Score (ES)

i

Ranked Genes

Down Up CYM-5442 Vehicle
Fold change (Iogz)
D overise . |E Ve Vehicl
_ — Vehicle 0 Vehicle
& @ CYM5442 CYM-5442 @ CYM5442
{eYFP 150 . "ot 16000 T Tfeaes 2500 *
'R 1200 5@ a - 2000 =
8 T 1% ® g 10000 g 1500
= H 9 = 8 =
5 600 5000 a 1000
R* ggg ol ol 500
T v T evep RS PD-1 aEara LAG-3
“{cp1o7a 30000 o “fpo-1 250001 * [AG3 1500
o = g “ 20000{ - ;
k] 20000
=- frd ® o Z i 15000 = 100 H
5- = 0000 a . = 10000{ E." ‘ = 500
Lol 5000
cD107a T W v PD-1 CaTRRT " Tacs
PD-1 o000 Po-1 15000 LAGS 2000
8 8000 % ™ 1500 M
s T 3 i 10000 bl T
H £ oo & 8 H 1000
& 2000 5000 " 500
o
PD1 T PD-1 TR LAG-3
CYM-
F G Naive Control alFN-a Control alFN-a 5442 H
- i Oas2
_ CYM-5442/ Vehicle Sasg
8 1fitd
oo
3 i . .
8 1 I irf7 Vehicle Vehicle
. . 1 [ [T I\'ﬂ)ﬂ IFN-I vs. vs.
8 = i27 .
E] ] Rnf213 Anti-IFN-a CYM-5442
3 & |GzmbTny1 . Fatz | e
H a&apvo . = H D60 I2
5 w|cds Gzzma H [|Usp18 1
= Gzl,'" 8 ] Is«an' 0
N rgm =
8 22 ] S |
T | Gzml I’
- || Gzma -3
Cd2g
‘ @8
° GDP2 |7 cell
8 2 -1 0 1 2 3 ‘ I(Isgnms
— Lyde
Down Up T;mb
lemis
Fold change (log2) d8a
) Cd8b1

Day 3

Day 7

Fig. 4. S1PR1 agonist, CYM-5442, induced an exhaustion signature on LCMV-GP-specific CD8" T cells and prevented their entry into the pancreatic islets. P14 T cells
were sorted by FACS from the spleens of CYM-5442 or vehicle-treated Rip-LCMV mice and analyzed by RNA-seq. (A) Immunofluorescence analysis of Thy1.1* P14 T cells
in pancreatic tissue from CYM-5442 or vehicle-treated Rip-LCMV mice at day 7 p.i. (B) Volcano plot of genes differentially are expressed (log, |FC| > 1 and FDR < 0.05)
within the CYM-5442 group; T-cell activation regulating molecules are labeled in blue. (C) GSEA of an exhaustion gene signature in P14 T cells. (D) Analysis of eYFP,
CD107a and PD-1 expression on GP33 41 specific CD8* T cells following ex vivo LCMV-GP peptide restimulation. (E) Expression of PD-1 and LAG3 on P14 CD8* T cells in
the spleen, pancreatic lymph nodes (PLN), and blood at day 7 p.i. from vehicle or CYM-5442 treated Rip-LCMV mice. (F) Volcano plot shows selected expressed genes
within the islets of CYM-5442 vs. vehicle-treated mice. (G) Heat map of selected IFN-l and CD8* T-cell genes within the islets across all experimental groups. Color scale
is variance with respect to row means. (H) Venn diagram comparing differentially expressed genes (FDR < 0.05) in the islets at day 7 p.i. shared between anti-IFN-o and
CYM-5442-treated groups. RNA-seq data are from three mice per group. eYFP data are from one experiment with at least five mice per group. PD-1 and
LAG3 expression on P14 T cells (CD3*CD8*CD90.1") is from one experiment with at least three mice per group *P < 0.05; ***P < 0.001, Student's t test.

CYM-5442 treatment resulted in a significant increase in viral ti-
ters in the serum compared with vehicle-treated mice at day 7 p.i.,
but fell below limits of detection by day 15 p.i (Fig. S6). Together,
these results suggest that anti-self GP-specific T cells have reduced
function in response to CYM-5442 treatment that results in in-
creased viral replication.

Comparable Gene Expression in the Pancreatic Islets Is Observed
Following Antibody to IFN-o and CYM-5442 Treatment. RNA-seq
examination of islets from CYM-5442-treated mice at 7 p.i.
mimicked the reduction in CD8* T-cell-specific genes observed
following IFN-a blockade as a significant reduction in CD8a, Thyl,
Gzma, Gzmb, Cd3d, and Ifng occurred (Fig. 4F). The expression
of selected IFN-I and CD8" T-cell-related genes in the islets of all
treatment groups at day 3 and 7 p.i. was examined (Fig. 4G). At day
3 p.i.,, control mice showed up-regulation of IFN-I genes that was
comparable to anti-IFN-a treatment. At day 7 p.i., IFN-I-induced
genes remained elevated in control mice whereas a reduction was
observed in the IFN-I gene signature following anti—IFN-a or CYM-
5442 treatment. CD8" T-cell related genes were not up-regulated at
day 3 p.i.,, but were detected at day 7 p.i. Reduced expression of the
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CD8* T-cell genes was observed in anti-IFN-a and CYM-5442—
treated mice at day 7 p.i (Fig. 4G). Further, we found 546 (39%)
differentially expressed genes (FDR < 0.05) shared between
the anti-IFN-a and CYM-5442 groups compared with isotype
control (Fig. 4H). Thus, SIPR1 agonist prevented T1D by sup-
pressing IFN-a signaling (20, 24), restricting the migration of anti-
self T cells to geographic areas outside the islets and likely by
contributing to T-cell exhaustion through up-regulation of negative
immune regulators like PD-1 and LAG3.

In conclusion, we present four findings. First, IFN-I signaling,
specifically IFN-a but not IFN-p, is essential for causing T1D.
Second, a selective SIPR1 agonist CYM-5442 prevented pro-
gression from prediabetes to T1D. Third, we provided evidence
that type I IFN-a, and not IFN-B, was essential for entry of
autoreactive T cells into the islets. Of interest is the report by
Meyer et al. (25) on humans with autoimmune T1D due to mu-
tations in autoimmune regulator (AIRE). A subset of patients
with AIRE deficiency that generated self-reactive neutralizing
antibodies specific for type I IFN-al, IFN-02, IFN-a5, IFN-a8,
and IFN-a14 were protected from T1D whereas, in contrast, those
not possessing anti-IFN-o antibodies developed T1D. Thus, a
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prominent role for IFN-a signaling in T1D is now found in both
animal models of T1D and a subset of humans with AIRE de-
ficiency. Importantly, CYM-5442 blocks not all but ~80-90% of
type I IFN, thereby maintaining sufficient IFN-a to generate CTLs
and antibodies to combat viral infections (20, 24, 26), while pre-
venting T1D. Fourth, CYM-5442 therapy enhanced the expression
of negative immune regulating surface molecules on autoreactive
T cells, further limiting the ability of any autoimmune T-cell that
might enter the islets from killing p cells.

The selective and potent SIPR1 agonist CYM-5442 (27, 28) is a
predecessor compound to the clinical agonist ozanimod (29), now
completing phase 3 clinical trials for multiple sclerosis (30) and
ulcerative colitis (31). SIPR1 agonists are clinically effective immu-
nomodulators because of multistep interdiction of immunopathology.
S1PR1 is expressed on lymphocytes, endothelium, and plasmacytoid
dendritic cells (32). Receptor modulation inhibits lymphocyte recir-
culation and egress from thymus and secondary lymphoid organs,
while also suppressing cytokine amplification and immunopathology,
without impeding the development of antiviral immunity and effec-
tive immunological memory for the control of pathogens (33-35).

Direct effects are shown here on lymphocyte migration to pan-
creatic islets coupled with IFN-a modulation and up-regulation of
negative immune regulators including PD-1 and LAG-3. This
multistep interdiction of autoimmunity by SIPR1 agonist suggests
that similar therapy might be considered for humans during the
prediabetic period when autoantibodies to GAD65 and insulin are
present and blood glucose levels are normal. We are testing this
possibility by using SIPR1 agonist therapy in a second model of
Rip-LCMV-induced T1D where the viral transgene is placed in the
thymus and the islets. By this manipulation, high avidity-specific
GP CD8" T cells are eliminated, resulting in a prediabetic period
of months before onset of T1D (14).
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Materials and Methods

Seven- to eight-week-old mice, all H-2b C57BL/6, were used. Mice were bred and
maintained in pathogen-free conditions in the animal facility at The Scripps
Research Institute (TSRI). All mouse procedures were in accordance with TSRI
Animal Research Committee guidelines. Generation and characterization of Rip-
LCMV and P14 Tgs have been reported (13, 14, 36). LCMV-Clone13 was grown
and quantitated as published (13, 14, 16, 18). LCMV-GPV variants were made
and used as described (15, 16, 36). Stock parental and GPV virus both titered
4-5 x 107 pfu/mL. Mice were injected with 2 x 10° pfu LCMV i.p (13, 14, 36). Rip-
LCMV mice were treated with either I1gG isotype control antibody (1 mg; Clone
PIP; Leinco Technologies), antibody to IFNAR (1 mg; Clone: MAR1-5A3; Leinco
Technologies), antibody to IFN-a (1 mg; Clone: TIF-3C5; Leinco Technologies) or
antibody to IFN-B (0.25 mg; Clone: HDB-4A7; Leinco Technologies) 1 d before
infection with LCMV and at 5 d p.i. CYM-5442 was resuspended in sterile water
at 0.5 mg/mL and injected i.p. daily at 10 mg/kg. Blood glucose (mg/dL) was
measured on blood extracted from the retro-orbital plexus by using a TRUEresult
blood glucose meter (Trividia Health). Following ribosomal depletion of P14
T-cell RNA samples or pancreatic RNA samples, libraries were constructed and
sequenced on an lllumina NextSeq500 by using 75-bp single reads. The
mm10 reference genome, build GRCm38 v79, was downloaded from Ensembl,
and reads mapped to it by using STAR v2.5.2a with the gene counting feature
with the following settings:-runThreadN 5-readFilesCommand zcat-out-
SAMtype None-quantMode GeneCounts. Unstranded read gene counts were
parsed in R and differential expression computed by using DESeq2 using a
cutoff of adjusted P value <0.05. Adobe lllustrator was used for data visuali-
zation. Gene ontology analysis of biological processes was performed by using
Genecodis (genecodis.cnb.csic.es/).
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