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Abstract

Objectives. Immune checkpoint inhibitors have achieved clinical
success in cancer treatment, but this treatment causes immune-
related adverse events, including type 1 diabetes (T1D). Our aim
was to test whether a JAK1/JAK2 inhibitor, effective at treating
spontaneous autoimmune diabetes in nonobese diabetic (NOD)
mice, can prevent diabetes secondary to PD-L1 blockade. Methods.
Anti-PD-L1 antibody was injected into NOD mice to induce
diabetes, and JAK1/JAK2 inhibitor LN3103801 was administered by
oral gavage to prevent diabetes. Flow cytometry was used to study
T cells and beta cells. Mesothelioma cells were inoculated into
BALB/c mice to induce a transplantable tumour model. Results.
Anti-PD-L1-induced diabetes was associated with increased
immune cell infiltration in the islets and upregulated MHC class I
on islet cells. Anti-PD-L1 administration significantly increased islet
T cell proliferation and islet-specific CD8+ T cell numbers in
peripheral lymphoid organs. JAK1/JAK2 inhibitor treatment
blocked IFNc-mediated MHC class I upregulation on beta cells and
T cell proliferation mediated by cytokines that use the common c
chain receptor. As a result, anti-PD-L1-induced diabetes was
prevented by JAK1/JAK2 inhibitor administered before or after
checkpoint inhibitor therapy. Diabetes was also reversed when
the JAK1/JAK2 inhibitor was administered after the onset of
anti-PD-L1-induced hyperglycaemia. Furthermore, JAK1/JAK2
inhibitor intervention after checkpoint inhibitors did not reverse
or abrogate the antitumour effects in a transplantable tumour
model. Conclusion. A JAK1/JAK2 inhibitor can prevent and reverse
anti-PD-L1-induced diabetes by blocking IFNc and cc cytokine
activities. Our study provides preclinical validation of JAK1/JAK2
inhibitor use in checkpoint inhibitor-induced diabetes.
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INTRODUCTION

Immune checkpoint signalling pathways are
important tolerance mechanisms that protect the
host from inappropriate immune responses and
excessive inflammation.1 PD-1 is an inhibitory
checkpoint molecule upregulated on activated T
cells.2 Upon binding to its ligands, PD-L1 or PD-L2,
on antigen-presenting cells (APCs), tumour or
tissue cells, the PD-1/PD-L1 signalling pathway can
drive cell apoptosis, negatively regulating T cell
activation and proliferation.3,4

Tumours exploit inhibitory immune checkpoints
such as PD-L1 to escape immune attack. Antibodies
that block the PD-1/PD-L1 interaction, termed
immune checkpoint inhibitors, remove the negative
regulation tumours impose on T cell function and
are now approved as treatment for multiple
cancers.5–7 However, as checkpoint inhibitors
remove the negative regulation on the immune
system, they can cause toxicities known as immune-
related adverse events.8,9 Immune-related adverse
events occur in multiple systems, including skin,
gastrointestinal tract, liver and the endocrine
system, and present similarly to autoimmune
diseases. These immune-related adverse events can
be improved in many cases using corticosteroids
and immune modulators. However, immune-related
endocrine toxicities including hypophysitis, thyroid
dysfunction, type 1 diabetes (T1D) and adrenal
insufficiency10 are irreversible; in many cases, this is
because the endocrine cells have been
destroyed.9,11 Checkpoint inhibitor-induced
diabetes is rare (0.2–1.0%), but when it occurs it is
often a life-threatening metabolic emergency.12–15

In nonobese diabetic (NOD) mice, genetic
deficiency in either PD-1 or PD-L1 accelerates
diabetes onset, which is associated with enhanced
T cell proliferation and increased ratio of CD8+ to
CD4+ T cell numbers.16–18

Spontaneous diabetes is characterised by the
proliferation of autoreactive T cells and MHC class
I upregulation on beta cells, which are mediated
by common gamma chain (cc) cytokines and IFN-c,
respectively.19–23 In this study, our first aim was to
investigate whether these hallmarks of
spontaneous diabetes also occur in checkpoint
inhibitor-induced diabetes.

Both cc cytokines and IFN-c function through
the Janus kinase (JAK)-signal transducer and
activator of transcription (STAT) pathway. In a
previous study, we showed that JAK inhibitors
reduced T cell proliferation by blocking cc
cytokine activity and inhibited MHC class I
upregulation on beta cells by blocking IFN-c.23 As
a result, spontaneous diabetes was reversed in
NOD mice by blocking cytokine effects on both
beta cells and T cells.23,24 The aim of the current
study was to investigate the mechanisms of
checkpoint inhibitor-induced diabetes and to test
whether a JAK1/JAK2 inhibitor has activity in
diabetes secondary to PD-L1 blockade.

RESULTS

Anti-PD-L1 increases immune cell
infiltration in islets and accelerates
diabetes

To investigate the effects of anti-PD-L1 on diabetes
onset, we injected 7–8-week-old female NOD mice
with anti-PD-L1 antibody and evaluated the
immune cell infiltration in NOD mice. This resulted
in rapid diabetes development (Figure 1a). 72.7%
(8/11) of the mice developed diabetes within
2 weeks of starting anti-PD-L1 treatment with
diabetes beginning at day 9. The proportion of
CD45+ immune cells and MHC class I expression
were measured by flow cytometry (Supplementary
figure 1a). Anti-PD-L1 treatment significantly
upregulated MHC class I expression on islet beta
cells in NOD mice (Figure 1b, c). The proportion of
CD45+ cells in islets was significantly increased in
anti-PD-L1-treated mice compared with PBS-treated
control mice (Figure 1d, e). These data confirm that
antibody blockade of PD-L1 accelerated diabetes
onset in NOD mice, which was associated with
increased immune cell infiltration into islets, and
MHC class I upregulation on beta cells.

Anti-PD-L1 increases islet T cell proliferation
and the number of IGRP206�214-specific CD8+

T cells in peripheral lymphoid organs

We investigated the effects of anti-PD-L1
treatment on T cells because they are the main
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mediators of spontaneous diabetes in NOD mice.
The number of CD4+ and CD8+ T cells increased
in islets after anti-PD-L1 treatment (Figure 2a, b).
T cell proliferation was measured by in vivo
BrdU incorporation (Supplementary figure 1b).
The percentage of CD8+BrdU+ T cells in islets of
anti-PD-L1-treated mice was significantly higher
than that in PBS-treated mice (Figure 2c, d).
Proliferation of CD4+ T cells in the islets was also
increased after anti-PD-L1 treatment (Figure 2e, f)
but to a lesser extent than for CD8+ T cells.
CD8+ T cells recognising IGRP206�214 are the most

prevalent diabetogenic CD8+ T cells in NOD
mice.28 IGRP206�214-specific CD8+ T cells were
quantified in both peripheral lymphoid organs
(PLO, consisting of pooled spleen and
nondraining lymph nodes) and pancreatic lymph
node (PLN) using tetramer enrichment and flow
cytometry (Supplementary figure 1c). The
number of IGRP206�214-specific CD8+ T cells in
PLO (Figure 2g, h) and PLN (Figure 2i, j) was
increased after anti-PD-L1 treatment, especially
in the 8/15 mice that were diabetic when
analysed.

Figure 1. Anti-PD-L1 increases beta cell MHC class I expression and immune cell infiltration in islets. (a) Diabetes incidence of 7-week-old female

NOD mice treated with anti-PD-L1 antibody on days 1, 3 and 5, indicated with arrows, **P = 0.0072, log-rank (Mantel-Cox) test. (b)

Representative dot plots of MHC class I (H-2Kd) expression. Beta cells are identified by autofluorescence (boxed area). (c) Pooled data of

normalised mean fluorescence intensity (MFI) of MHC class I on islet cells measured by flow cytometry in 7-week-old female NOD mice treated

with PBS and anti-PD-L1. The MFI of MHC class I in anti-PD-L1-treated mice was divided by the average MFI of MHC class I in PBS-treated mice

to get the fold change in each independent experiment. (d) Representative flow cytometry plots showing gating of immune cells (CD45+) and

islet cells with the percentage of live cells shown. (e) Pooled data of the proportion of CD45+ cells in islets from 7-week-old female NOD mice

treated with PBS (N = 14) and anti-PD-L1 (N = 12), from two independent experiments. Data show individual mice with mean � SEM,

****P < 0.0001, Student’s t-test.
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Figure 2. Anti-PD-L1 increases islet CD8+ T cell proliferation and the number of IGRP206�214-specific CD8+ T cells in peripheral lymphoid organs.

(a) Representative flow cytometry plots of CD4 and CD8 staining in islet T cells showing the number of cells in each gate. (b) Pooled data

showing the number of CD4+ T cells and CD8+ T cells from the islets of 7-week-old female NOD mice treated with PBS (N = 12) or anti-PD-L1

(N = 16), combined from four independent experiments. Data show individual mice with mean � SEM, P-values are only provided when

significant: *P = 0.0406, **P = 0.0061, Student’s t-test. (c, e) Representative flow cytometry plots of BrdU in CD8+ T cells (c) and CD4+ T cells

(e) showing the percentage of cells in each quadrant. (d, f) Pooled data showing the proportion of BrdU-positive CD8+ (d) and CD4+ (f) T cells

from the islets of 7-week-old female NOD mice treated with PBS (N = 9) or anti-PD-L1 (N = 10), combined from three independent experiments.

Data show individual mice with mean � SEM. P-values are only provided when significant: **P = 0.0086, ****P < 0.0001, Student’s t-test. (g, i)

Representative plots of IGRP206�214 tetramer staining in the pooled spleen and peripheral lymph nodes (g) and pancreatic lymph node (i)

showing the number of tetramer+CD44+ cells. (h, j) Pooled data showing the absolute numbers of IGRP206�214-specific CD8+ T cells in the

pooled spleen and peripheral lymph nodes (h) and pancreatic lymph node (j) from PBS (N = 13) or anti-PD-L1 (N = 15) treatment, combined

from four independent experiments. Data show individual mice with mean � SEM. P-values are only provided when significant: *P = 0.0198 (h),

*P = 0.0103 (j), Student’s t-test.
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In summary, we have confirmed that the
PD-L1/PD-1 interaction has a profound effect on
controlling autoimmune diabetes in genetically
susceptible mice. PD-L1 blockade resulted in acute
diabetes and increased immune infiltration into
the islets, with MHC class I upregulation on beta
cells, enhanced proliferation of T cells and
increased numbers of islet-specific CD8+ T cells, all
similar to hallmarks of spontaneous autoimmune
diabetes as shown by us and others.17,23,25

A JAK1/JAK2 inhibitor prevents MHC class I
expression on islets and reduces insulitis
secondary to anti-PD-L1 treatment

We evaluated the effect of the JAK1/JAK2
inhibitor LN3103801 in combination with anti-PD-
L1 treatment. JAK1/JAK2 inhibitor administered
prior to anti-PD-L1 injection prevented MHC class I
upregulation on beta cells (Figure 3a, b) and
prevented the infiltration of CD45+ immune cells
into islets (Figure 3c, d). It was previously shown
that anti-PD1 treatment resulted in an increase in
the number of migratory macrophages in islets of
NOD mice.17 We saw a similar increase in the
proportion of Ly6C+F4/80+ monocyte-derived
macrophages after anti-PD-L1 treatment, and
JAK1/JAK2 inhibitor treatment blocked this
increase (Figure 3e, g). There was no change in
the proportion of dendritic cells or resident
macrophages after anti-PD-L1 or JAK1/JAK2
inhibitor treatment (Figure 3e, f, h). Histologically,
80% of islets in mice treated with anti-PD-L1 and
vehicle had extensive immune cell infiltration and
beta cell destruction. By contrast, the combination
of anti-PD-L1 with prior JAK1/JAK2 inhibitor
resulted in significantly reduced insulitis
(Figure 3i, j).

JAK1/JAK2 inhibitor reduces islet T cell
proliferation and the number of
IGRP206�214-specific CD8+ T cells in
peripheral lymphoid organs

JAK1/JAK2 inhibitor treatment prevented the
increase in number of both CD4+ and CD8+ T cells
in the islets (Figure 4a, b). While the number of T
cells was reduced after JAK1/JAK2 inhibitor
treatment, the percentage of Foxp3+CD4+ Treg
cells was not changed (Figure 4c, d). T cell
proliferation was reduced, consistent with the
changes in T cell numbers. The JAK1/JAK2
inhibitor significantly prevented CD4+ (Figure 4e, f)

and CD8+ (Figure 4g, h) T cell proliferation in the
islets. JAK1/JAK2 inhibitor treatment reduced the
number of IGRP206�214-specific CD8+ T cells in the
PLO (Figure 4i, j) and the PLN (Figure 4k, l) after
anti-PD-L1 treatment compared with vehicle
treatment.

Therefore, JAK1/JAK2 inhibitor treatment can
prevent the hallmarks of diabetes development
including beta cell MHC class I expression, T cell
proliferation and infiltration of immune cells into
islets.

JAK1/JAK2 inhibitor prevents or reverses
diabetes secondary to anti-PD-L1 treatment

To test whether the JAK1/JAK2 inhibitor can
prevent diabetes induced by anti-PD-L1, daily
JAK1/JAK2 inhibitor treatment started 4 days
before anti-PD-L1 and was maintained for 18
consecutive days. Vehicle-treated mice developed
diabetes rapidly after anti-PD-L1 treatment, with
83.3% (5/6) of mice developing diabetes in
2 weeks. However, all JAK1/JAK2 inhibitor-treated
mice were free of diabetes during the treatment
period. Even 2 weeks after JAK1/JAK2 inhibitor
treatment stopped, 66.7% (4/6) of mice remained
nondiabetic (Figure 5a). Therefore, JAK1/JAK2
inhibitor treatment can prevent diabetes when it
is given prior to anti-PD-L1 treatment. Similar
results were seen when we used anti-PD-1 to
induce diabetes (Figure 5b).

We next tested whether JAK1/JAK2 inhibitor
prevented diabetes development when it was
started after completion of anti-PD-L1 treatment.
87.5% (7/8) of mice became diabetic in vehicle-
treated mice, but 75% (6/8) of JAK1/JAK2
inhibitor-treated mice were free of diabetes
during the treatment time and another 2 weeks
after stopping the drug (Figure 5c).

As diabetes secondary to immune checkpoint
therapy cannot be predicted in patients, it is more
clinically relevant to test whether the JAK1/JAK2
inhibitor can reverse diabetes after it develops.
7–8-week-old female NOD mice were injected
with anti-PD-L1 and then monitored for diabetes.
JAK1/JAK2 inhibitor or vehicle treatment was
started on the day of diabetes diagnosis and
continued for 2 weeks. All vehicle-treated mice
remained hyperglycaemic (Figure 5d, e), but
hyperglycaemia was reversed in 55.6% (5/9) of
JAK1/JAK2 inhibitor-treated mice that maintained
normal blood glucose levels even after stopping
the drug. This suggests that JAK1/JAK2 inhibitor
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Figure 3. JAK1/JAK2 inhibitor prevents upregulation of MHC class I expression on islets and insulitis caused by anti-PD-L1. (a) Representative

plots of islet MHC class I expression measured by flow cytometry. Beta cells (boxed area) are identified by high autofluorescence. (b) Pooled data

of normalised MFI of MHC class I on beta cells from 7-week-old female NOD mice treated with PBS (N = 4) or anti-PD-L1 and vehicle (N = 7) or

anti-PD-L1 and JAK1/JAK2 inhibitor (N = 7), combined from two independent experiments. The MFI of MHC class I in anti-PD-L1-treated mice

was divided by the average MFI of MHC class I in PBS mice to get the fold change in each independent experiment. Data show individual mice

with mean � SEM, ****P < 0.0001, one-way ANOVA. (c) Representative flow cytometry plots showing the percentage of live CD45+ cells and

islet cells in islets. (d) Pooled data of the percentage of CD45+ cells in islets from 7-week-old female NOD mice treated with PBS (N = 14) or anti-

PD-L1 and vehicle (N = 13) or anti-PD-L1 and JAK1/JAK2 inhibitor (N = 10), combined from four independent experiments. Data show individual

mice with mean � SEM, ****P < 0.0001, one-way ANOVA. (e) Representative plots showing gating for islet dendritic cells (DC), monocyte-

derived inflammatory macrophages (MoMac) and resident macrophages (ReMac). (f–h) Pooled data showing percentages of (f) DC, (g) MoMac

and (h) ReMac cells from islets of 10-week-old female NOD mice treated with PBS (N = 2), anti-PD-L1 and vehicle (N = 4) or anti-PD-L1 and

JAK1/JAK2 inhibitor (N = 4). Data show individual mice with mean � SEM. *P < 0.0001, one-way ANOVA. (i) Representative H&E stained

sections of pancreas harvested from 7–8-week-old female NOD mice treated with anti-PD-L1 and vehicle or anti-PD-L1 and JAK1/JAK2 inhibitor,

magnification 4009, scale bar 50 lm. (j) Pooled insulitis scores, calculated as described in the methods. Data show the pooled scores of 3 levels

of the pancreas from N = 4 mice/group, ****P < 0.0001, two-way ANOVA.
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treatment can reverse diabetes secondary to PD-L1
blockade and can provide ongoing protection
after stopping the drug.

Immune checkpoint inhibitor therapy is
repeatedly administered in the clinic. We
therefore tested whether the JAK1/JAK2 inhibitor
protected mice from diabetes when they were
given a second round of anti-PD-L1 treatment
(Figure 5f). NOD mice were treated with
anti-PD-L1 followed by JAK inhibitor or vehicle for
2 weeks. All the vehicle-treated mice (3/3) and
four of the JAK inhibitor-treated mice (4/15)
became diabetic. After 3 days with no therapy,

the nondiabetic mice that had previously been
given JAK inhibitor were again treated with
anti-PD-L1 and then divided into two groups
receiving treatment with JAK1/JAK2 inhibitor or
vehicle for a further 2 weeks. None of the JAK
inhibitor-treated (0/7) and one of the vehicle-
treated mice (1/8) became diabetic (Figure 5f). The
islets from these mice still had a low proportion of
CD45+ cells (Figure 5g, h) and MHC class I
expression (Figure 5i, j) when compared to
untreated NOD mice of a similar age, even 3 weeks
after stopping JAK1/JAK2 inhibitor treatment.
These data indicate that the 2 weeks of JAK

Figure 4. JAK1/JAK2 inhibitor prevents T cell proliferation and reduces the number of IGRP206�214-specific CD8+ T cells in peripheral lymphoid

organs. (a) Representative plots showing the number of CD4+ and CD8+ T cells in islets measured by flow cytometry. (b) Pooled data showing

numbers of CD8+ and CD4+ T cells from 7–8-week-old female NOD mice treated with anti-PD-L1 and vehicle (N = 11) or anti-PD-L1 and JAK1/

JAK2 inhibitor (N = 8), from three independent experiments. Data show individual mice with mean � SEM. P-values are only provided when

significant: *P = 0.0190, **P = 0.0041, Student’s t-test. (c) Representative plots showing Foxp3 and CD4 staining on islet CD4+ T cells. (d)

Pooled data showing the percentage Foxp3+CD4+ islet cells from 10-week-old female NOD mice treated with PBS (N = 3), anti-PD-L1 and vehicle

(N = 3) or anti-PD-L1 and JAK1/JAK2 inhibitor (N = 5) from two independent experiments. Data show individual mice with mean � SEM. No

significant difference was noted between the groups, one-way ANOVA. (e, g) Representative flow cytometry plots of BrdU staining in CD4+ (e)

and CD8+ (g) T cells showing the percentage of cells in each quadrant. (f, h) Pooled data showing the proportion of BrdU-positive CD4+ (f) and

CD8+ (h) T cells from 7-week-old female NOD mice treated with anti-PD-L1 and vehicle (N = 7) or anti-PD-L1 and JAK1/JAK2 inhibitor (N = 6),

from two independent experiments. Data show individual mice with mean � SEM. P-values are only provided when significant: **P = 0.0092,

***P = 0.0008, Student’s t-test. (i, k) Representative plots of IGRP206�214 tetramer staining in the pooled spleen and peripheral lymph nodes (i)

and pancreatic lymph nodes (k) showing the number of tetramer+CD44+ cells. (j) and (l) Pooled data showing absolute numbers of IGRP206�214-

specific CD8+ T cells in the pooled spleen and peripheral lymph nodes (j) and pancreatic lymph nodes (l) from 7-week-old female mice treated

with anti-PD-L1 and vehicle (N = 11) or anti-PD-L1 and JAK1/JAK2 inhibitor (N = 8), from three independent experiments. Data show individual

mice with mean � SEM. P-values are only provided when significant: *P = 0.0158, **P = 0.0017, Student’s t-test.
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Figure 5. JAK1/JAK2 inhibitor prevents or reverses diabetes secondary to anti-PD-L1 treatment. (a) 7–8-week-old female NOD mice were treated

with vehicle (N = 6) or JAK1/JAK2 inhibitor (N = 6) for 4 days before anti-PD-L1 treatment (day 1, 3 and 5 indicated with arrows) and continuing

until day 14 after anti-PD-L1 treatment (shaded area). Survival curve analysis of the NOD mice is shown, from one experiment, *P = 0.02, log-

rank (Mantel-Cox) test. (b) 9-week-old female NOD mice were treated with vehicle (N = 6) or JAK1/JAK2 inhibitor (N = 6) for 4 days before anti-

PD1 (day 1, 3 and 5 indicated with arrows) and continuing until day 12 after anti-PD-L1 treatment (shaded area). Survival curve analysis is shown,

from one experiment. **P = 0.0096, log-rank (Mantel-Cox) test. (c) 7–8-week-old female NOD mice were treated with anti-PD-L1 at day 1, 3

and 5 as indicated with arrows and then started on vehicle (N = 8) or JAK1/JAK2 inhibitor (N = 8) at day 5 for 14 days (shaded area). Survival

curve analysis of the NOD mice is shown, from two independent experiments, *P = 0.0043, log-rank (Mantel-Cox) test. (d, e) Blood glucose

levels were monitored in 7–8-week-old female NOD mice after anti-PD-L1 treatment. Diabetic mice (with blood glucose > 15 mmol L-1) were

then treated with JAK1/JAK2 inhibitor (N = 9) or vehicle (N = 3) for 14 days (shaded area). Blood glucose levels of individual mice (d) and survival

curve analysis of the normoglycaemic mice (e) is shown, combined from two independent experiments, **P = 0.0039, log-rank (Mantel-Cox) test.

(f) 9-week-old female NOD mice were treated with anti-PD-L1 on day 1, 3 and 5 as indicated with arrows. Mice were then treated with either

vehicle (N = 3) or JAK1/JAK2 inhibitor (N = 15) for 2 weeks starting on day 5 (shaded area). Three days after stopping JAK1/JAK2 inhibitor

treatment, the nondiabetic mice (N = 11) were treated again with anti-PD-L1 (arrows on days 18, 20 and 22) and randomised to vehicle

(JAK + vehicle, N = 6) or JAK1/JAK2 inhibitor (JAK + JAK, N = 5) treatment starting on day 22 for 8 days (shaded area). Survival curve analysis is

shown, with no significant difference noted between JAK + vehicle and JAK + JAK groups, log-rank (Mantel-Cox) test. (g, i) Representative flow

cytometry plots showing the percentage of live CD45+ cells in islets (g) and MHC class I expression on beta cells (i). (h, j) Pooled data of the

percentage of CD45+ cells in islets (h) and normalised MFI of MHC class I on beta cells (j) from untreated 16-week-old female NOD (N = 4),

JAK + vehicle (N = 5) or JAK + JAK (N = 5) mice from f, harvested 3 weeks after stopping JAK inhibitor treatment. Data show individual mice

with mean � SEM, **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way ANOVA.
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inhibitor treatment provided prolonged protection
from immune infiltration and anti-PD-L1-induced
diabetes.

JAK1/JAK2 inhibitor after immune
checkpoint blockade does not reverse or
abrogate the antitumour effects

To assess whether the JAK1/JAK2 inhibitor
reduced the efficacy of checkpoint inhibitor
therapy-mediated antitumour immunity, we
utilised a transplantable tumour model treated
with immune checkpoint blockade (ICPB) therapy
(anti-CTLA-4+anti-PD-L1).26 We previously
established that pre-checkpoint inhibitor STAT1
signalling is crucial for antitumour responses in
this model, and we hypothesised that JAK1/JAK2
inhibitor treatment concurrently with checkpoint
inhibitors would impede antitumour responses.
Concurrent JAK1/JAK2 inhibitor and ICPB
treatment significantly increased tumour growth
(JAK inhibitor + ICPB vs Vehicle + ICPB, day 17 to
27, P < 0.05) (Figure 6a) and reduced overall
median survival (JAK inhibitor + ICPB vs.
Vehicle + ICPB, 21.5 days vs. 23 days, P = 0.0081)
(Figure 6b) compared with ICPB alone. 4/10 mice
showed tumour regression or growth delay with
ICPB alone, with one mouse displaying a durable,
long-term tumour regression. However, responses
were completely abrogated in combination
JAK1/JAK2 inhibitor and ICPB group (0/10 mice)
(Supplementary figure 2a–d). This suggested
that JAK signalling is crucial for the initiation
of checkpoint inhibitor-mediated antitumour
responses.

We next assessed whether JAK1/JAK2 inhibitor
administered after completion of ICPB treatment
would abrogate antitumour responses. JAK1/JAK2
inhibitor treatment after checkpoint inhibitors
(Figure 6c) resulted in a small but significant delay
in tumour growth compared with JAK1/JAK2
inhibitor monotherapy or vehicle treatment (JAK
inhibitor + ICPB vs. JAK inhibitors, day 7 to day
26, P < 0.05; JAK inhibitor + ICPB vs Vehicle, day
19 to day 21, P < 0.05). Checkpoint inhibitors
significantly increased overall survival regardless
of JAK1/JAK2 inhibitor treatment (JAK inhibitor +
ICPB vs. JAK inhibitor, P = 0.0091; ICPB vs. Vehicle,
P = 0.02) (Figure 6d). Although the effect of ICPB
in this model is modest, importantly, overall
tumour growth and median survival was similar
when JAK1/JAK2 inhibitor after ICPB was
compared with ICPB alone (JAK inhibitor + ICPB vs

Vehicle + ICPB, 24 days vs 26 days, P = 0.6)
(Figure 6d). 3/9 mice treated with ICPB partially
responded, demonstrating a delay in tumour
growth. A similar number of mice displayed
durable responses to ICPB (3/13 in JAK inhibitor +
ICPB vs 2/13 in Vehicle + ICPB) (Supplementary
figure 2e–h), suggesting that JAK1/JAK2 inhibitor
after ICPB completion did not reverse or abrogate
the antitumour effects of checkpoint inhibitors in
this model.

DISCUSSION

Our study found that anti-PD-L1 accelerated
diabetes development in NOD mice was associated
with increased MHC class I expression on islet cells
and T cell proliferation. The JAK1/JAK2 inhibitor
LN3103801 prevented anti-PD-L1 effects on T cells
and beta cells, resulting in durable prevention or
reversal of anti-PD-L1-induced diabetes.
Furthermore, JAK1/JAK2 inhibitor after checkpoint
inhibitor therapy did not impair the checkpoint
inhibitor-mediated anticancer response.

JAK1/JAK2 inhibitor treatment was able to
prevent and reverse checkpoint inhibitor-induced
diabetes in NOD mice. 60–85% of checkpoint
inhibitor-induced diabetes patients present with
life-threatening diabetic ketoacidosis (DKA)
because of rapid destruction of beta cells,29 so
early intervention or prevention is necessary to
decrease the mortality and to improve the
prognosis. JAK inhibitors have been approved by
the FDA for myelofibrosis, rheumatoid arthritis
(RA) and other autoimmune diseases, and clinical
data show that JAK inhibitors are safe and well-
tolerated in these patients.30,31 Recent studies
looking at the side effects of JAK inhibitors in
comparison with anti-TNF therapeutics in RA will
help identify groups of patients at increased risk
of side effects including cardiovascular disease or
certain cancers such as lung cancer and
lymphoma, for example, smokers.32 Few RA
patients using JAK inhibitors stop treatment
because of infection or changes in immune cell
counts, which are usually transient.33

In our study, we have shown that the JAK1/JAK2
inhibitor LN3103801 reversed new-onset diabetes
in NOD mice after anti-PD-L1 treatment. Combined
with the safety of JAK inhibitors in clinical use, our
study provides strong preclinical evidence to test
JAK inhibitors in checkpoint inhibitor-induced
diabetes. This is especially true because the need
for JAK inhibitor treatment may not be long-lived.
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Our data in NOD mice suggest that the enhanced
autoimmune responses induced by checkpoint
inhibitor therapy may be relatively transient and
diabetes does not develop when the drug is
ceased. This is unlike the autoimmune response
seen at the onset of spontaneous diabetes when it
is assumed JAK inhibitor therapy, if effective,
would have to be indefinite. The use of JAK
inhibitors in relation to subsequent courses of
checkpoint inhibitor therapy needs to be further
considered and explored.

Mechanistic studies have shown that PD-L1
blockade activates T cells resident in islets or PLNs.
Activated T cells then produce cytokines locally
and these, including cc cytokines, such as IL-2, IL-
15 and IL-21, regulate T cell expansion and
survival.34–36 Increased T cell proliferation and an
increase in the number of antigen-specific CD8+ T
cells were seen after anti-PD-L1 treatment. T cells
are essential for diabetes since deletion of either

CD4+ or CD8+ T cells was able to prevent
checkpoint inhibitor-induced diabetes in NOD
mice.17 In addition to T cells, other immune cells,
including macrophages, might also be involved in
checkpoint inhibitor-induced diabetes.17 In
addition, blocking PD-L1 with antibodies partially
reduced the expansion of Treg cells,37 which
impaired the role of Treg cells to inhibit T cell
proliferation and effector function.38,39

Activated T cells produce IFN-c, which is
important for the involvement of beta cells in
diabetes development. It is well recognised that
IFN-c is primarily responsible for increased MHC
class I expression in type 1 diabetes.22 Direct
interaction between MHC class I and TCR is
required for diabetes development,40 and we
observed upregulated MHC class I on islet cells in
checkpoint inhibitor-induced diabetes.

Our data show that two hallmarks of
spontaneous diabetes, MHC class I upregulation

Figure 6. JAK1/JAK2 inhibitor after immune checkpoint inhibitors does not abrogate the antitumour effects. (a) BALB/c.J mice were inoculated

with mesothelioma cell lines and started with anti-CTLA-4 and anti-PD-L1 (ICPB) on day 6, 8 and 10 (indicated with arrows). JAK1/JAK2 inhibitor

or vehicle was administered from day 6 to day 20 (shaded area). Mean tumour growth in JAK inhibitor (N = 4), JAK inhibitor + ICPB (N = 10),

vehicle (N = 5) and vehicle + ICPB (N = 10). (b) Survival curve analysis for data shown in A. *P < 0.05, **P < 0.005, ***P < 0.001 and

*P = 0.0158 for JAK inhibitor vs Vehicle, *P = 0.0041 for JAK inhibitor + ICPB vs Vehicle + ICPB, log-rank (Mantel-Cox) test. (c) BALB/c.J mice

were injected with mesothelioma cell lines and started with ICPB on day 6, 8 and 10 (indicated with arrows). JAK1/JAK2 inhibitor or vehicle

treatment was administered from day 15 to day 29 (shaded area). Mean tumour growth in JAK inhibitor (N = 9), JAK inhibitor + ICPB (N = 13),

vehicle (N = 8) and vehicle + ICPB (N = 13), from two independent experiments. (d) Survival curve analysis for data shown in c. *P < 0.05,

**P < 0.005, and no significant difference was noted between JAK inhibitor vs Vehicle or JAK inhibitor + ICPB vs Vehicle + ICPB.
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on beta cells and T cell proliferation, are also seen
in anti-PD-L1-induced diabetes.22,25,41 JAK1/JAK2
inhibitor treatment prevented checkpoint
inhibitor-induced and spontaneous diabetes by
blocking the effect of cytokines on both T cells
and beta cells40 and perhaps other cell types not
studied here. T cell proliferation was reduced
because the activity of cc cytokines was blocked,
as shown by the reduced number of islet T cells
and IGRP206�214-specific CD8+ T cells in PLN and
PLO. Also, IFN-c-mediated MHC class I
upregulation can be blocked by JAK inhibitors,
resulting in low MHC class I expression and
weakened interactions between T cells and beta
cells.24 In summary, JAK1/JAK2 inhibitor treatment
prevented anti-PD-L1-induced diabetes by
blocking cc cytokine activity-mediated T cell
proliferation and blocking IFN-c-induced MHC
class I upregulation on beta cells, which is similar
to the effects of JAK inhibitors on spontaneous
diabetes.40 Remarkably, 2 weeks of treatment
with JAK1/JAK2 inhibitor resulted in prolonged
inhibition of islet immune infiltration and MHC
class I upregulation, even after stopping
treatment. We hypothesise that this may be
because of the effects of JAK inhibition on
memory T cells that are highly dependent on
cytokines for survival.

Loss-of-function mutations in JAK1 or JAK2 in
melanoma patients lead to resistance to
checkpoint inhibitor therapies.42,43 Similarly, co-
administration of the JAK inhibitor ruxolitinib and
anti-PD-L1 also partially blocked the antitumour
activity induced by anti-PD-L1.44 These studies
highlight the clinical importance of the JAK–STAT
pathway in checkpoint inhibitor-mediated
antitumour immune responses. We found that
JAK inhibitor intervention before checkpoint
inhibitors abrogated the antitumour response, but
there was no effect on antitumour immunity
when intervention was given after checkpoint
inhibitor therapy. This demonstrates the JAK–STAT
pathway is critical for initiating antitumour
immune responses, and once established, the
response is less vulnerable to inhibition by JAK
inhibitors. IFN-c signalling plays an important role
in initiating antitumour immunity because it
upregulates MHC expression on tumour cells and
antigen-presenting cells,45,46 which is essential for
subsequent T cell activation. JAK inhibitor
treatment before checkpoint inhibitors could be
preventing this initiation. Once tumour-specific
T cells are activated, they can proliferate under

the control of cc cytokines through multiple
pathways, including the PI3K-Akt pathway, the
RAS-MAPK pathway and the JAK–STAT
pathway.47,48 When the JAK–STAT pathway is
blocked after checkpoint inhibitor treatment, it is
possible that the redundancy in these pathways
helps preserve the antitumour T cell responses.
We have only tested one model of tumour
response to immune checkpoint blockade in this
study, and clearly, more work needs to be done
to confirm our results with other types of
tumours.

An increasing number of studies indicate clinical
characteristics that might be used as candidate
predictors of checkpoint inhibitor-induced
diabetes. Islet autoantibodies occur in half of
checkpoint inhibitor-induced diabetes
patients,14,49 and the T1D susceptibility allele
HLA-DR4 is present in 60% of checkpoint
inhibitor-induced diabetes patients.50 These
predictors may allow the identification of those
who are at a higher risk of developing checkpoint
inhibitor-induced diabetes and early intervention
to halt beta cell destruction while minimising the
effects on checkpoint inhibitor-induced
antitumour immunity. Our study demonstrates the
possibility of safe clinical use of JAK inhibitors in
this scenario.

METHODS

Ethics statement

All experiments were conducted in accordance with the
code of conduct of the National Health and Medical
Research Council (NHMRC) of Australia and under the
approval of the St Vincent’s Hospital animal ethics
committee (protocol 023/20) or the Harry Perkins Institute
of Medical Research Animal Ethics Committee (protocol
AE227).

Mice

NOD/Lt mice were bred and maintained at St. Vincent’s
Institute. All NOD mice used were females between 7 and
8 weeks of age. We used female NOD mice because of the
sex bias for spontaneous diabetes in this strain. Female
BALB/c.J mice were bred and maintained at the Harry
Perkins Institute of Medical Research (Perth, WA, Australia)
and were used between 8 and 10 weeks of age.

JAK1/JAK2 inhibitor

A suspension of the JAK1/JAK2 selective inhibitor LN3103801
(Eli Lilly) was prepared by sonicating the compound in
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vehicle (0.5% methyl cellulose +0.25% Tween-80) for
90 min. Mice were treated with vehicle or LN3103801
(3 mg kg�1) twice daily by oral gavage for 14 days.

Islet isolation

To isolate pancreatic islets, the bile duct was injected with
1.3 U mL�1 collagenase P (Roche) in complete HBSS (Lonza
Group), removed and digested for 17 min at 37°C in a water
bath, followed by vigorous shaking for 1 min. The digested
tissue was filtered through a 500-lm mesh and then washed
with RPMI (Life Technologies Corp). Islets were purified
using a histopaque-1077 density gradient (Sigma Aldrich)
and dispersed into single cells using bovine trypsin
(342 U mL�1) and 2 mM EDTA in PBS. Finally, the cells were
washed and rested in complete RPMI for at least 1 h at 37°C.

Preparation of single-cell suspensions

The peripheral lymphoid organs consisting of pooled spleen
and nondraining lymph nodes (PLO) and pancreatic lymph
nodes (PLN) were prepared by mechanical tissue disruption
through a 70-lm cell strainer. The cell suspension was
continued with 5 min red cell lysis and then washed with
FACS buffer (0.5% FCS in PBS). After filtering through a
nylon mesh, the single-cell suspension was ready for
antibody staining.

Injection of BrdU

Bromo-deoxyuridine (BrdU) (Sigma Aldrich) powder was
dissolved in warm PBS (10 mg mL�1). Mice were injected i.p.
with 200 lL (2 mg) of BrdU solution 16 h before harvesting.

Flow cytometry

Single-cell suspensions of islets were stained with PerCp-
Cy5.5-labeleled anti-CD45 antibody (30-F11) (BD
Pharmingen) and biotinylated anti-H2-Kd (BD Pharmingen;
SF1-1.1) followed by streptavidin-allophycocyanin (PE)
(BioLegend) antibody. Islets, PLO and PLN cells were stained
with the following antibodies from BD Pharmingen,
BioLegend: anti-CD3-V500 (500 A2), anti-CD11c (N418), anti-
B220 (RA3-6B2), anti-CD11b (M1/70), anti-F4/80 (BM8)
conjugated to eFlour450 anti-CD4-FITC (GK1.5), anti-CD8-PE
(Ly-2) or BV605 (53–6.7), anti-CD44-PE-cy7 (1M7), anti-
CD62L-APC-cy7 (MEL-14) and anti-KLRG1-APC (MAFA). Dead
cells were excluded using propidium iodide (PI,
Calbiochem). Intracellular detection of BrdU was performed
using the APC-BrdU FlowKit (BD Biosciences) after fixation,
penetration and DNase process. Data were collected on the
FACS Fortessa cell analyser (BD Bioscience) and were
analysed using FlowJo Software version 10 (TreeStar, Inc).

Tetramer staining and magnetic bead-based
enrichment

The tetramer staining and magnetic bead-based
enrichment method were previously described.25 Islet-specific

glucose-6-phosphatase catalytic subunit-related protein
(IGRP)206–214-specific CD8+ T cells were enriched by staining
single-cell suspensions from PLO and PLN with Phycoerythrin
(PE) conjugated (H2-Kd, VYLKTNVFL) tetramer (NIH Tetramer
Core) on ice for 60 min. Cells were then washed and stained
with anti-PE microbeads (Miltenyi Biotec). Magnetic
separation was done using the AutoMACSpro (Miltenyi
Biotec). The separated fractions were stained as described
above and analysed by flow cytometry. For analysis, single
cells were gated using forward and side scatter, live cells with
propidium iodide negative staining. Then, the T cells were
identified as CD3+dump� (dump containing CD11c, CD11b,
B220 and F4/80). IGRP-tetramer+CD44hiCD8+ T cells were
enumerated.

Immune checkpoint inhibitor therapy

To induce diabetes, 7–8-week NOD female mice were
injected with three doses of 250 lg anti-PD-L1 monoclonal
antibody (clone M1H5; Jip Biologics) intraperitoneally with
a 2-day interval between each dose. Islets, PLN and PLO
were harvested on day 9, or mice were monitored for
diabetes development. For tumour therapy, 100 lg of anti-
CTLA-4 (clone 9H10; Sigma Aldrich) was dosed once and
anti-PD-L1 (Jip Biologics) was dosed 3 times with 2-day
intervals at 100 lg as previously described.26 Therapy
was initiated when tumours were approximately 6–12 mm2

in size.

Tumour cell lines

The murine mesothelioma cell line AB1-HA (Cell Bank
Australia) was derived as previously described.27 Cells
were maintained in RPMI 1640 (ThermoFisher
Scientific) supplemented with 20 mM HEPES, 0.05 mM 2-
mercaptoethanol, 100 U mL�1 penicillin (CSL Limited),
50 lg mL�1 gentamicin (David Bull Labs), 10% Newborn
Calf Serum (ThermoFisher Scientific) and 50 mg mL�1 of
geneticin (G418; Life Technologies Corp). All cell lines were
tested for Mycoplasma spp., every 3 months by PCR and
found to be negative. Cells were cultured for a minimum of
four passages after thawing before inoculation into mice.

Tumour cell inoculation

Right-hand flanks of BALB/c mice were inoculated
subcutaneously with 5 9 105 tumour cells suspended in
100 lL of PBS. Mice were randomised for treatment when
tumours were palpable. Tumour dimensions (length and
width) were measured with digital callipers, and tumour
growth was represented as area (mm2).

Analysis of diabetes

After anti-PD-L1 treatment, urine glucose levels were
monitored daily in mice using Diastix (Bayer Diagnostics).
Blood glucose levels were measured in mice with a positive
glycosuria reading (> 110 mmol L�1) using Advantage II
Glucose Strips (Roche). Animals that displayed two
consecutive blood glucose readings > 15 mmol L�1 were
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considered diabetic. For diabetes reversal, JAK1/JAK2
inhibitor or vehicle treatment was started on the day mice
had a blood glucose level > 15 mmol L�1. Blood glucose
levels were tested daily for 1 week and thrice weekly
thereafter for 4 weeks. Mice with blood glucose
< 15 mmol L�1 were considered cured.

Histology

Pancreases were fixed in Bouin’s solution and paraffin-
embedded, and 5-lm sections were cut from three levels
(200 lm apart) and stained with haematoxylin and eosin
(H&E). Insulitis was scored using the following scale: islets
scored as 0 (no infiltration), 1 (peri-islet infiltrate—
leukocytes present at any point around the islet), 2 (> 50%
peri-islet infiltrate), 3 (intraislet infiltrate) or 4 (> 80%
intraislet infiltrate). The percentage of islets with each score
per pancreas was calculated by the addition of the scores
for the three sections. Between 36 and 156 islets/mouse
were scored. Representative sections were photographed
using an Olympus DP74 camera on a Leica DMRB
microscope.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9
Software (GraphPad). All data are shown as bar graphs with
individual mice, and the mean � SEM. P < 0.05 was
considered significant. Flow cytometry data were analysed
using unpaired t-tests or one-way ANOVA with post-tests
for multiple comparisons where appropriate. Diabetes
incidence curves were compared using the log-rank
(Mantel-Cox) survival analysis. Tumour growth curves were
compared using Mixed Model Type 3 Analysis of Variance
(ANOVA), with Kenward–Roger Approximation using
estimated marginal means for multiple comparisons of
mean tumour sizes between all treatment groups for all
time points.
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Type 1 diabetes is a side effect of immune checkpoint inhibitor therapy for cancer. Here, we show that a JAK1/

JAK2 inhibitor can prevent and reverse anti-PD-L1-induced diabetes in NOD mice by blocking common gamma

chain cytokine activities in T cells and interferon-gamma function on beta cells. This study provides preclinical

validation of the use of JAK inhibitors in checkpoint inhibitor-induced diabetes.
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