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ABSTRACT

Immune checkpoint inhibitors (ICI) have revolutionized cancer therapy, but their use is limited
by the development of autoimmunity in healthy tissues as a side effect of treatment. Such
immune-related adverse events (IrAE) contribute to hospitalizations, cancer treatment
interruption and even premature death. ICI-induced autoimmune diabetes mellitus (ICI-T1DM)
is a life-threatening IrAE that presents with rapid pancreatic beta-islet cell destruction leading to
hyperglycemia and life-long insulin dependence. While prior reports have focused on CD8" T
cells, the role for CD4" T cells in ICI-T1DM is less understood. Here, we identify expansion
CD4" T follicular helper (Tfh) cells expressing interleukin 21 (IL-21) and interferon gamma
(IFNy) as a hallmark of ICI-T1DM. Furthermore, we show that both IL-21 and IFNy are critical
cytokines for autoimmune attack in ICI-T1DM. Because IL-21 and IFNy both signal through
JAK-STAT pathways, we reasoned that JAK inhibitors (JAKi) may protect against ICI-T1DM.
Indeed, JAKIi provide robust in vivo protection against ICI-T1DM in a mouse model that is
associated with decreased islet-infiltrating Tth cells. Moreover, JAKi therapy impaired Tth cell
differentiation in patients with ICI-T1DM. These studies highlight CD4" Tth cells as
underrecognized but critical mediators of ICI-T1DM that may be targeted with JAKi to prevent

this grave IrAE.
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INTRODUCTION

Immune checkpoint inhibitor (ICI) therapies have significantly improved outcomes for patients
with many types of advanced cancers. However, their use is limited by the development of
autoimmune toxicities in healthy tissues in nearly two-thirds of patients!=3. Autoimmune diabetes
mellitus (ICI-T1DM) is a rare but life-threatening immune-related adverse event (IrAE) that
occurs in 1-2% of patients treated with ICI*. ICI-T1DM presents as a rapidly progressive
autoimmune destruction of pancreas beta-islet cells, accompanied by hyperglycemia and often
ketoacidosis*®. Patients with ICI-TI1DM have permanent pancreatic endocrine insufficiency and
require life-long insulin replacement therapy. In patients receiving ICI therapy for advanced
malignancies, this additional co-morbidity can add another debilitating and overwhelming layer
of complexity to their care. On the other hand, in the growing number of patients who receive
ICI therapy for early stage or curable disease, ICI-T1DM represents a permanent sequela of

treatment that can negatively impact quality of life long after cancer resolution.

Currently no therapies exist to prevent endocrine IrAEs, including ICI-T1DM*>7-2,
Understanding immune mechanisms that drive autoimmunity may identify therapeutic targets to
reduce IrAEs. We recently identified interleukin 21 (IL-21)* T follicular helper (Tth) cells as
critical mediators of ICI-thyroiditis'?, another common endocrine IrAE seen in 15-25% of ICI-
treated patients. Like ICI-T1DM, ICI-thyroiditis presents as brisk autoimmune destruction of
thyroid gland cells and loss of thyroid function over a period of weeks®!!. We found that
thyrotoxic IFNy" CD8" T cells in the thyroid were driven by IL-21 from CD4" Tth cells and
inhibition of TL-21 prevented ICI-thyroiditis'?. Whether Tth cells contribute to the development
of ICI-T1DM and may be therapeutically targeted to reduce pancreas autoimmunity during ICI
therapy has not yet been explored.

In addition to developing mechanism-based therapies for IrAEs, a practical consideration is the
urgent need for near-term strategies to reduce autoimmunity in the many patients currently
receiving ICI therapy. As clinical indications for ICI therapy expand'?, the number of patients
with IrAEs will surge — as will the need for therapies to halt severe or life-threatening
autoimmune toxicities like ICI-T1DM. Janus kinase inhibitors (JAKi) are a class of orally

bioavailable medications now widely used to treat spontaneous autoimmune diseases like
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alopecia, psoriasis, and arthritis'>~!>. These agents block JAK signaling, which is required for
many T cell cytokine responses’3. Indeed, Waibel et al.'® reported preservation of beta-islet cell
function and decreased insulin requirements in individuals with spontaneous TIDM in a phase 2
trial of JAK baricitinib. However, the potential of JAKi to halt the rapid and often fulminant
autoimmune responses seen in IrAEs has only been explored recently. JAK 1/2 inhibitor
ruxolitinib notably improved survival from 3.4% to 60% in a cohort of patients with steroid
refractory ICI-myocarditis, another rare but deadly IrAE, when given in combination with
CTLA-4 agonist abatacept!’. Based upon their promise in spontaneous autoimmune diseases and

ICI-myocarditis, we hypothesized that JAKi could be utilized to prevent endocrine IrAEs.

In this study, we identify multifunctional CD4* T follicular helper (Tth) cells expressing IL-21
and interferon gamma (IFNy) as antigen-specific mediators of autoimmune tissue injury in ICI-
T1DM. Furthermore, we show that both IL-21 and IFNy are critical cytokines in autoimmune
attack during ICI-T1DM and that inhibition of these cytokine pathways by JAKi therapy can
prevent ICI-T1DM. Moreover, we show that JAKi treatment decreases islet-infiltrating Tth cells
in a mouse model of IrAEs and Tth cell differentiation in patients with ICI-T1DM. These studies
highlight CD4"* Tth cells as underrecognized but critical mediators of ICI-T1DM that may be
targeted with JAKi to prevent this life-threatening endocrine IrAE.
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99 RESULTS
100 Individuals with ICI-T1DM have increased T follicular helper cell responses
101 T follicular helper cells contribute to multiple spontaneous autoimmune diseases, including
102  T1DM!!? where they can signal to B cells in germinal centers and promote pathogenicity of
103 CDS8" T cells!®!82!, Expansion of Tfh cells has recently been linked to the development of IrAEs
104  in ICI-treated patients. Herati et al.?? reported an increase in circulating Tth cells after influenza
105  vaccination in anti-PD-1 treated patients who went on to develop IrAEs. Furthermore, in
106  individuals with ICI-thyroiditis, IL-21" CD4" Tth cells are key drivers of thyroid autoimmune
107  attack!'®. Therefore, we hypothesized that Tth cells may also contribute to the development of
108 ICI-T1DM.
109
110  To test this idea, we evaluated Tth cells (CD4" ICOS* PD-1" CXCRS5") in peripheral blood
111 specimens from patients with ICI-T1DM vs. patients who received ICI therapy but did not
112 develop IrAEs. Because prior work showed that Tth cell response, but not baseline levels of
113  circulating Tth cells, was predictive of IrAEs, we compared the magnitude of Tth cell expansion
114 between groups after Tth-skewing ex vivo ?* (Fig. 1A). Indeed, patients with ICI-TIDM had a
115  more robust Tfh cell response than those without IrAEs, with increased CD4" 1COS* PD-1"
116  CXCRS5" cells compared to controls without autoimmunity (Fig. 1B, p<0.05). These data suggest
117  that individuals with ICI-T1DM have increased CD4" Tth cell responses compared to individuals
118  who do not develop IrAEs.
119
120  Antigen-specific, IL-21" IFNy" CD4" T follicular helper cells are increased in the
121 pancreatic islets of mice with ICI-T1DM
122 To better understand the role of Tth cells in the immunopathogenesis of ICI-T1DM in vivo, we
123  then used a mouse model of IrAEs. Previously, we reported the development of multi-organ
124  immune infiltrates in autoimmunity-prone non-obese diabetic (NOD) mice following ICI
125  treatment, including thyroiditis, colitis, and accelerated diabetes mellitus'®?*. As expected, male
126  and female NOD mice (7-9 weeks of age) treated with continued cycles of anti-programed death
127  protein (PD-1) antibody (10mg/kg/dose, twice weekly), developed ICI-T1DM at a median of 10
128  days, while isotype treated controls remained healthy after four weeks (Fig. 1C, p<0.0001).
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129

130 T cells play a key role in the development of IrAEs in multiple tissues!®2>-28

, including the

131  pancreas*?3!, As expected, NOD mice with genetic deletion of the TCRa gene, which leads to
132 an absence of mature CD4" and CD8" T cells, were completely protected from ICI-T1DM

133 (Suppl. Fig. 1A). Prior studies have demonstrated the importance of IFNy-producing CD8" T
134  cells in mouse models of ICI-T1DM?°-3!. On the other hand, the role of CD4" T cells has been
135  less explored but is important in other IrAEs!%2432-34 Additionally, because CD4" T cell

136  responses may not be as central to ICI anti-tumor efficacy, they might be potential therapeutic
137  targets to reduce IrAEs in patients with cancer while preserving efficacy?*3%3%.

138

139  Antibody depletion of CD4" T cells in ICI-treated wildtype NOD mice significantly delayed the
140  onset of autoimmune diabetes (Fig. 1D, p<0.001 and Suppl. Fig. 1B), suggesting a CD4" T cell
141 contribution to ICI-T1DM disease progression. We then compared the frequency of CD4" Tth
142  cells within pancreatic islets and pancreatic lymph nodes (pLN) of NOD mice after three weeks
143  of anti-PD1 or isotype control therapy (Fig. 1E). Indeed, anti-PD1 treated mice had increased
144  islet-infiltrating Tth cells (CD4" ICOS* PD-1" CXCRS5") compared to isotype controls (Fig. 1F,
145  p<0.01); a trend toward increased Tth cells was also found in pLN, but this difference was not
146  statistically significant (Fig. 1G). We next evaluated cytokine production of islet-infiltrating Tth
147  cells by flow cytometry and found an increase in dual producing IL-21" IFNy" Tth cells in anti-
148  PD-1 treated mice (Fig. 1H, p<0.01). Such multifunctional IL-21" IFNy" Tth CD4" cells have
149  previously been described as mediators of immune response in spontaneous autoimmune

150  diseases (e.g. lupus and peripheral neuropathy) and viral infections 3.

151

152  Fife and colleagues previously established a pathogenic role for BDC2.5" CD4" T cells in NOD
153  mice with accelerated autoimmune DM due to loss of PD-14°. Therefore, we used an MHC class
154 11 BDC2.5 tetramer to quantify auto-antigen-specific CD4" T cells in our mouse model. Twenty-
155  seven percent of islet-infiltrating BDC2.5" CD4" T cells had a surface phenotype consistent with
156  Tth cells (ICOS* PD-1" CXCRS5™) by flow cytometry (Suppl. Fig. 2A and 2B), expressed

157  canonical Tth transcription factor b cell lymphoma 6 (Bcl6)" (Suppl. Fig 2C and 2D), and

158  produced cytokines IL-21 and IFNy (Suppl. Fig. 2E and 2F). Furthermore, anti-PD-1 treated

159  mice had more BDC2.5" CD4" Tth cells in pancreatic islets compared to isotype-treated controls
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160  (Fig. 11, p<0.01) and these cells showed high dual expression of IL-21 and IFNy (Fig. 1J,

161  p<0.05). Taken together, these data support a role for antigen-specific, polyfunctional IL-21*
162  IFNy" CD4" Tth cells in the autoimmune attack on pancreas beta-islet cells during ICI therapy.
163

164  IL-21 and IFNy are important cytokine mediators of ICI-T1DM

165  We hypothesized that inhibition of Tth cytokines, specifically IL-21 and IFNy (Fig. 2A), could
166  attenuate autoimmune attack on the pancreas during anti-PD-1 therapy. IL-21 is a pleiotropic
167  cytokine that can promote effector functions in CD8" T cells 12%2! and B cell antibody

168  production*!. In humans and mice, CD4" Tth cells are the primary source of IL-21!842, Indeed,
169  NOD mice with genetic deletion of IL-21 signaling (NOD.IL21RKO) were protected from the
170  development of ICI-T1DM during ICI treatment (Fig. 2B, p<0.0001 for anti-PD-1 therapy in WT
171 versus IL21RKO mice). It is recognized that IL-21 is required for the development of

172 spontaneous TIDM in NOD mice***, and these data establish a role for IL-21 in ICI-T1DM as
173 well.

174

175  TFNy is expressed more broadly, including by both CD4* and CD8" T cells in ICI-TIDM?°-3!,
176 NOD mice with genetic deletion of the [IFNy gene (NOD.IFNG KO) showed significantly

177  delayed onset of ICI-T1DM (Fig. 2C, p<0.0001 for anti-PD-1 therapy in WT versus [IFNG KO

1.3! and are

178  mice). These data confirm a previous non-significant trend reported by Perdigoto et a
179  consistent with IFNy as a mediator of ICI-TIDM?°. Pancreas histology and insulitis scoring of
180  both anti-PD-1-treated NOD.IL21R KO and NOD.IFNG KO mice confirmed reduced islet

181 infiltration compared to anti-PD-1 treated WT mice (Fig. 2D and 2E). In summary, our data
182  identify a role for IL-21" IFNy" Tth cells in ICI-T1DM and demonstrate that inhibition of these
183  two cytokine pathways can prevent the development of autoimmunity.

184

185  JAKI1/2 inhibition via ruxolitinib prevents ICI-induced diabetes mellitus in NOD mice
186  With the expanding use of ICI therapies and the rising number of patients affected by IrAEs,
187  there is a pressing clinical need for near-term strategies to prevent or reverse treatment-

188  associated autoimmunity. To this end, we wondered whether JAK inhibitors, a group of

4548

189  clinically-approved agents used in spontaneous autoimmune diseases**°, could prevent ICI-

190 TI1DM. JAK signaling is central to many T cell immune responses, including downstream
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191  signals of IL-21%' and IFNy*’ (JAK1/2 and JAK 1/3, respectively) (Fig. 3A). Using our mouse
192  model, we tested whether treatment with JAK1/2 inhibitor ruxolitinib could delay development
193  of ICI-T1DM (Fig. 3B). Notably, while anti-PD-1 treated mice on control food rapidly

194  developed autoimmune diabetes, ruxolitinib therapy prevented ICI-associated autoimmunity,
195  with no mice developing overt DM (Fig. 3B, p<0.0001).

196

197  Histologic analysis of pancreatic islets from anti-PD-1-treated mice given ruxolitinib showed
198  minimal immune infiltrate (Fig. 3C), with insulitis scores comparable to isotype-treated controls
199  (Fig. 3D). We confirmed reduced immune infiltrates in ruxolitinib-fed mice using flow

200 cytometry analysis of immune cells in isolated pancreatic islets. Compared to anti-PD-1 treated
201  mice, those additionally given ruxolitinib had significantly reduced islet-infiltrating CD45"

202  immune cells (p<0.01), comparable to isotype-treated controls (p=ns) (Fig. 3E). Our further
203  characterization and quantification of immune infiltrates in pancreatic islet infiltrates using

204  multi-parameter immunofluorescence staining of tissue specimens (Fig. 3F) demonstrated that
205 CD4" T cells, CD8" T cells, and B220" B cells accumulated within the islets of anti-PD-1 treated
206  mice and were significantly decreased by the addition of ruxolitinib therapy (Fig. 3G, p<0.0001
207  for all cell types).

208

209  In addition, we tested whether ruxolitinib could reverse ICI-T1DM. This is clinically relevant
210  because the development of ICI-T1DM in patients is usually detected after clinical diabetes
211 development. Here, groups of anti-PD-1 treated mice were randomized to treatment with

212  ruxolitinib or vehicle control after the development of diabetes (blood glucose >200mg/dL)
213  (Suppl. Fig. 3A). Ruxolitinib treated mice had improved glycemic control compared to vehicle
214 controls (Suppl. Fig. 3B, p<0.0005) and had decreased insulitis scores on pancreas histology
215  (Suppl. Fig. 3C). Finally, prior studies have shown PD-1 blockade to be the primary driver of
216  accelerated autoimmunity in adult mice®*>2, but ICI-T1DM can also develop in cancer patients
217  treated with combination ICI regimens [e.g. anti-PD-1 + anti-cytotoxic T lymphocyte antigen
218  (CTLA-4)]*°. As in mice that received anti-PD-1 monotherapy, JAKi treatment prevented the
219  development of ICI-T1DM in mice treated with combination anti-PD-1 + anti-CTLA-4 (Suppl.
220  Fig. 4). In summary, these data show potent in vivo protection against ICI-T1DM using a

221 clinically available JAKi.
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222
223  JAK:i therapy disrupts the CD4" Tth cell compartment to prevent ICI-T1IDM

224  IL-21 signaling to CD4" T cells supports Tth cell differentiation and relies upon JAK signaling.
225  As such, we predicted that JAKi therapy may attenuate Tth cell responses by preventing

226  autocrine IL-21 signaling in CD4* T cells (Fig. 4A). Indeed, CD4" T cells with genetic IL-21
227  receptor loss (IL-21R KO) had reduced differentiation to Tth cells in vitro (Fig. 4B, p<0.05).
228  Additionally, in vitro treatment of CD4" T cells with ruxolitinib prevented JAK-mediated

229 intracellular STAT3 phosphorylation in response to IL-21 stimulation (Fig. 4C, p<0.01).

230  Moreover, JAKI treatment in our mouse model of ICI-T1DM led to significantly fewer CD4"
231 Tth cells (ICOS" PD-1" CXCRS5") within pancreatic islets (Fig. 4D, p<0.01). These data show
232  that in addition to blocking the downstream effects of Tth cell cytokines (i.e. IL-21 and IFNYy),
233  JAK:i therapy is associated with decreased Tth cells in vivo.

234

235  To better understand the impact of JAKi on Tth cell expansion in ICI-treated mice, we evaluated
236  naive CD4" T cells under Tth skewing conditions®* with and without ruxolitinib in vitro. Flow
237  cytometry analysis revealed that ruxolitinib reduced markers of Tth cell differentiation in CD4"
238 T cells (Fig. 4E, p<0.0001) and down regulated the expression of Bcl6 (p<0.05) and cMAF

239  (p<0.01), a transcription factor required for IL-21 expression in Tth cells (Fig. 4F).

240

241 We then evaluated whether JAKi treatment similarly impaired Tth cell responses in humans.
242  Using peripheral blood specimens from patients treated with ICI therapy, we compared the

243  frequency of CD4" Tth cells after culture under Tth-skewing conditions ex vivo. Indeed, Tth cell
244  differentiation was significantly decreased by JAKi ruxolitinib (Fig. 4G, p<0.05). Thus, JAKi
245  decreases Tth cell induction in murine and human CD4" T cells, suggesting a mechanism by
246  which the development of ICI-T1DM can be prevented in vivo. Taken together, these data

247  support JAK inhibitors as a potential near-term therapeutic strategy by which we can target CD4"
248  Tth cell responses in patients with ICI-T1DM.

249

250 DISCUSSION

251  The benefits of immune checkpoint inhibitor therapy hold great promise for patients with many

252 types of cancer, but their use is limited by autoimmune adverse events. Among the most severe
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253  IrAEs is ICI-induced diabetes mellitus (ICI-T1DM), which leads to destruction of pancreatic
254  islets and life-long insulin dependence. In addition, because of the rapid progression of islet loss
255  compared to spontaneous autoimmune T1DM, patients with ICI-T1DM more frequently present
256  with diabetic ketoacidosis (nearly 80-90%) at diagnosis and require hospital admission to an
257  intensive care unit®>*,

258

259  In this study, we provide evidence for robust protection of ICI-T1DM with ruxolitinib, an FDA-
260  approved and clinically available JAK1/2 inhibitor. This builds upon a prior report by Ge at al.>®
261  evaluating a pre-clinical selective JAK 1 inhibitor for ICI-T1DM in mice and the recent

262  successful phase 2 trial of JAKIi baricitinib in spontaneous T1DM!S, Furthermore, two studies
263 combining JAKi and anti-PD1 therapy in patients with non-small cell lung cancer or Hodgkin’s

264  lymphomareported improved cancer outcomes®>’

. Thus, JAK therapies may be a feasible and
265 near-term approach to reducing toxicity from severe IrAEs such as ICI-TIDM.

266

267  On the other hand, JAK signaling is important for many T cell immune responses and can

268  induce broad immune suppression when used spontaneous autoimmune diseases. It is possible,
269  therefore, that JAKIi treatment may also impair desired immune responses during cancer

270  immunotherapy. Thus, one aim of our present study was to delineate the cellular mechanisms
271 underlying immune protection during JAKi therapy so that more targeted immunosuppressive
272  strategies could be developed. Prior studies have shown that effector IFNy" CD8"* T cells

273  contribute to autoimmune attack on pancreatic beta-islet cells during ICI therapy?°~!. Given the
274  importance of IFNy and CD8" T cells to ICI anti-tumor immune responses>>, we focused on the
275  less explored role of CD4" T cells with the aim of identifying driving immune mechanisms that
276  could be targeted in cancer patients to reduce IrAEs while preserving efficacy.

277

278  Indeed, we found a significant contribution from CD4" T cells in the immunopathogenesis of
279  ICI-T1DM. Specifically, our findings support a critical role for CD4" T follicular helper cells in
280  the immunopathogenesis of ICI-T1DM. Within islet immune infiltrates, we demonstrated

281  antigen-specific multifunctional IL-21* IFNy*" CD4" Tth cells that were enriched in ICI-treated
282  mice with diabetes. Wherry and colleagues also showed expansion of circulating CD4" Tth cells

283  in anti-PD-1 treated patients after influenza vaccination correlated with the development of

10
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284  IrAEs (p=0.06)*2. Expanding upon this role in the periphery, we showed increased Tth cells in
285  the thyroid tissue of patients with ICI-thyroiditis'® and now extend their role to ICI-TIDM. Our
286  data also highlight Tth cells as a source of two important cytokines in the autoimmune response,
287  namely IFNy and IL-21. Hu and colleagues previously showed the I[FNy contributes to immune
288  cell migration into pancreas islets and macrophage activation in ICI-TIDM?°. While a role for
289  IL-21 in ICI-T1DM has not been described, we showed in mice and humans with ICI-thyroiditis
290 that IL-21 from CD4" cells could augment effector molecules (IFNy, granzyme B) and

291  chemokine receptors on thyrotoxic CD8"* T cells!?. In addition, IL-21 is well known to promote
292  spontaneous TIDM*,

293

294  To further explore how JAKi may modulate this pathogenic CD4" T cell subset, we evaluated
295  Tth cells in both ICI-treated mice and ex vivo using human specimens. In both contexts, we

296  observed decreased Tth cell frequency. While JAKi are known to block the downstream effects
297  of multiple T cell cytokines*'**>, we showed that they can also block Tth cell differentiation.

298  These dual mechanisms may be collectively responsible for the benefit of JAKIi treatment seen in
299  spontaneous and cancer immunotherapy-associated autoimmune diseases. Furthermore, our

300 studies revealed a vulnerability in autocrine IL-21 CD4" T cell signaling as a potential targeted
301  approach to reduce ICI-associated autoimmunity. Future studies are warranted to further evaluate
302 JAK inhibition and the IL-21 CD4"* Tth cell axis as potential therapeutic targets for reversal of
303 severe IrAEs in ICI-treated patients, as well as the impact on ICI anti-tumor immune responses.
304  In conclusion, our studies not only indicate strong pre-clinical application of JAK1/2 inhibition
305 in the protection of ICI-T1DM development but demonstrate a critical role for IL-21" INFy*
306 CD4" Tth cells in driving the mechanism of autoimmune attack and pancreatic injury in ICI-
307 TIDM.

308
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309 METHODS

310  Sex as a biologic variable

311 IrAEs occur in both males and females. Therefore, for animal studies, both male and female mice
312 were used in equal proportions. For human studies, both male and female subjects were eligible
313  for participation and included.

314

315  Antibodies and Reagents

316  Primary immune cells were cultured in RPMI-1640 complete media [supplemented with 10%
317  fetal bovine serum (FBS), 2mM L-glutamine, ImM HEPES, non-essential amino acids, and

318 antibiotics (penicillin and streptomycin)], with 5S0uM beta-mercaptoethanol (2ME) (all reagents
319  from Thermo Fisher). Immune checkpoint inhibitor antibodies used were anti-mouse PD-1

320 (clone RPMI1-14, BE0146), CTLA-4 (clone 9D9, BE0164), and isotype control (clone 2A3

321  BEO0089) (all from BioXcell). Antibodies were diluted in sterile PBS for use. Ruxolitinib was
322  obtained from MCE and diluted in sterile DMSO (Sigma) for in vitro use. For animal

323  experiments, ruxolitinib was prepared at 1g/kg in Nutra-Gel Diet (Bio-Serv, F5769-KIT) chow
324  as previously described®.

325

326  Mouse studies

327  Animal studies were approved by the UCLA Animal Research Committee (Protocols C21-039
328  and C24-012). NOD/ShiLtJ (NOD, #001976), NOD/I121r"~ (IL-21R KO, #034163), NOD/Trca”
329 (TCRa KO, #004444), NOD/IFNy”~ (IFNG KO, #002575), and NOD/SCID (#001303) mice
330  were obtained from the Jackson Laboratory. Male and female mice were used in equal

331  proportions. Mice were used at 7 to 9 weeks of age unless otherwise noted. Mice were housed in
332  aspecific pathogen-free barrier facility at UCLA. Mice in different experimental groups were co-
333  housed.

334

335 Immune checkpoint inhibitor treatment of mice

336  Mice were randomized to continuous twice-weekly treatment with anti-mouse PD-1 (clone

337 RPMI-14) and/or CTLA-4 (clone 9D9) or isotype control antibody (clone 2A3), at 10

338  mg/kg/dose intraperitoneally (i.p.), as described previously?*. During treatment, mice were

339  monitored daily for activity and appearance, and twice weekly for weight and glucosuria. Mice
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340  developing glucosuria or blood glucose >200mg/dL were treated with 10 units of subcutaneous
341  NPH insulin daily. At the end of ICI treatment course, mice were euthanized and perfused with
342  10mL of sterile phosphate-buffered saline (PBS) by intracardiac puncture, and fresh tissues were
343  immediately collected for histology or dissociated for analysis of immune infiltrates by flow
344  cytometry. Predetermined endpoints for early euthanasia included >20% weight loss and

345  glucosuria not resolved by insulin therapy, as per IACUC protocols.

346

347  For the evaluation of immune infiltrates by flow, islet-infiltrating lymphocytes were collected
348  following an isolation protocol described by Villarreal et al.>®. Fresh pancreas specimens were
349  perfused with 3mL of a collagenase P solution (Img/mL Collagenase P in HBSS, supplemented
350  with 0.05% BSA) via the ampulla of Vater, dissected away from surrounding tissue, and

351  mechanically digested in a 37°C thermo-shaker at 100-120 rpm for 13 minutes. Pancreatic islets
352  were then purified using a Histopaque-1077 density gradient (Sigma-Aldrich).

353  Spleen cells were isolated by mechanical dissociation and passage through a 40pm filter.

354

355  Ruxolitinib treatment of mice

356  For animal experiments, ruxolitinib was prepared at 1g/kg in Nutra-Gel Diet (Bio-Serv, F5769-
357  KIT) chow as previously described®. Nutra-Gel Diet chow without ruxolitinib served as control
358  food. For DM reversal experiments, mice were treated with anti-PD-1 twice weekly and

359  monitored daily for blood glucose levels by tail prick. Mice with hyperglycemia (blood glucose
360 level >200 mg/dL), were randomized into either ruxolitinib or control chow groups and ICI

361  treatment was stopped. Ruxolitinib therapy was given as a single oral gavage dose of 1.25mg on
362  day of hyperglycemia onset, followed by ruxolitinib chow (1g/kg) as above. All diabetic mice
363  were assessed daily for blood glucose and treated with NPH insulin if hyperglycemic (10 units
364  for blood glucose >300mg/dL, 5 units for blood glucose between 200 and 300mg/dL). Mice with
365  persistent hyperglycemia not resolved by insulin therapy after four days were euthanized per
366 TACUC protocol.

367

368  Invitro assessment of primary murine immune cells

369  Splenocytes were isolated from healthy NOD.WT mice by mechanical dissociation. Naive CD4"

370 Tand CD8" T cells were isolated by magnetic bead separation as above and cultured at 5x10°
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371 cells/well in 12 well plates in complete media with 2ME. For Tth skew, cells were stimulated
372  with plate bound anti-murine CD3 (Invitrogen, clone 145-2C11; 1 ug/mL) and soluble anti-

373  murine CD28 (Invitrogen, clone 37.51; 1 ug/mL), anti-murine IFNy (BioXCell XMG1.2,10

374  pg/mL), anti-murine IL-4 antibodies (BD Biosciences, catalog 554385; 10 pg/mL), anti-murine
375  TGF-B (Thermo Fisher Scientific, catalog 16-9243-85; 20 pg/mL), recombinant mouse IL-6

376  (PeproTech; 10 ng/mL) and IL-21 (PeproTech; 10 ng/mL), as previously described>. Cells were
377  evaluated on day three by flow cytometry. Experiments were repeated at least twice.

378

379  Histology and Immunofluorescence

380  Harvested tissues were fixed in Zinc for at least 48 hours and then stored in 70% ethanol. Organs
381  were embedded in paraffin, sectioned (4m), and stained with hematoxylin and eosin (H&E) by
382  the UCLA Translational Pathology Core Laboratory. Insulitis quantified by blinded assessment
383  of H&E sections as previously reported®. Images were acquired on an Olympus BX50

384  microscope using Olympus CellScans Standard software. Images were brightened uniformly for
385  publication in Photoshop.

386

387  Antibody clones and dilutions: Appropriate positive and negative controls were used for all

388  stains. DAPI, Opal 520 stain for B Cells, Opal 570 stain for CD4" T cells, and Opal 690 stain for
389 CDS8' T cells were used to stain. Images of the islet were exported to Photoshop and then

390 analyzed in Imagel for total islet area and quantification of each cell type.

391

392  Patients

393  Peripheral blood specimens from cancer patients treated with immune checkpoint inhibitor

394  therapy (ICI) were collected from patients treated in endocrinology and oncology clinics at

395  UCLA or UCSF under Institutional Review Board-approved protocols. Patients were stratified
396 for development of IrAEs , including ICI-T1DM, during ICI therapy versus those with no history
397  of IrAEs. ICI-T1DM was defined by new onset hyperglycemia with low c-peptide and insulin
398  dependence during ICI cancer therapy, consistent with current guidelines from the National

399  Comprehensive Cancer Network (NCCN) Management of Immunotherapy Toxicities

400  guidelines’. Other IrAEs were classified based upon NCCN and Common Terminology Criteria
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401  for Adverse Events (CTCAE v5) criteria. No IrAE individuals had no evidence of any grade >2
402 IrAE or pre-existing autoimmune disease. Individual data are presented in Suppl. Table 1.

403

404  Invitro assessment of primary human immune cells

405  Peripheral blood mononuclear cells were isolated from whole blood by density gradient

406  centrifugation using Ficoll-Paque (Cytiva). For Tth skew, cells were stimulated with plate bound
407  anti-human CD3 (BioXcell, clone UCHT1; 1 ug/mL) and soluble anti-human CD28 (BioXcell,
408 clone 9.3; 1 ug/mL), recombinant human IL-12 (PeproTech; 10 ng/mL) and Activin A (R&D
409  Systems; 100 ng/mL), as previously described?3. Cells were evaluated on day three by flow

410  cytometry. Experiments were repeated at least twice.

411

412  Flow Cytometry

413  For staining, single-cell suspensions were resuspended in FACS buffer consisting of 0.5mM
414  EDTA, and 2% FBS in phosphate-buffered saline (PBS) at 10° cells/mL. Cells were stained in
415 LIVE/DEAD Fixable Yellow Dead Cell Stain (ThermoFisher) for 30 minutes prior to surface
416  staining. Cells were then stained with fluorescence-conjugated antibodies as indicated in Suppl.
417  Table 2. For intracellular staining, after surface staining, cells were fixed and permeabilized
418  using cytoplasmic fixation and permeabilization kit (BD Biosciences), per manufacturer

419  instructions, with a 20-minute fixation step at 4°C. To assess intracellular cytokines, cells were
420 incubated in complete RPMI-1640 media with 50uM 2ME for 4 hours with ionomycin (1pg/mL)
421  (Thermo Fisher) and PMA (50ng/mL) (Sigma) in the presence of Brefeldin A (Biolegend) before
422  staining. For intranuclear staining of phosphorylated signaling proteins, cells were fixed and
423  permeabilized with 4% paraformaldehyde (PFA) for 15 minutes at room temperature, and ice-
424  cold 100% methanol at 4°C for 45 minutes. For intranuclear staining of transcription factors,
425  cells were fixed and permeabilized using a transcription factor fixation and permeabilization
426  buffer kit (Thermo Fisher), following the provided manufacturer protocol including a 30-minute
427  fixation at room temperature. For tetramer staining, BDC2.5 mimotope (CD4" T cell)

428  fluorescently conjugated reagents were obtained from the NIH Tetramer Core and stained at
429  room temperature for 30 minutes as previously described®!. After staining, cells were washed
430 twice in FACS buffer and analyzed by flow cytometry on an Attune NxT 6 cytometer (Thermo
431  Fisher).
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432

433  Cell counts are shown as the relative frequency of live, gated single cells unless otherwise noted.
434  For the determination of infiltrating cells within pancreatic islets, absolute cell counts were

435  determined using counting beads (Thermo Fisher, C36995), following the manufacturer’s

436  protocol. Beads were added to pancreatic islet samples at a concentration of 1uL/7uL of sample
437  volume. Representative gating strategies are shown in Figure 1 and Suppl. Fig. 1 and 2.

438

439  Statistical analysis

440  Statistical analyses were performed using GraphPad Prism software (v10). Comparisons among
441  multiple groups for continuous data were made using ANOVA or ANOVA with Welch

442  correction with no assumption for equal variances, with subsequent pairwise comparisons by
443  Tukey’s or Dunnett’s test. Non-parametric data were evaluated using the Mann-Whitney test.
444  Comparisons between two groups were done by two-sided Student’s t-test with Welch correction
445  with no assumption for equal variances. Differences in diabetes incidence over time were

446  compared using Log Rank test. When multiple comparisons were performed, adjusted p-values
447  were shown. Significance was defined as o = 0.05.

448

449  Study approval

450  All animal experiments were conducted under UCLA IACUC-approved protocols and complied
451  with the Animal Welfare Act and the National Institutes of Health guidelines for the ethical care
452  and use of animals in biomedical research. All human experiments were conducted under UCLA
453  and UCSF IRB-approved protocols.

454

455  Data availability

456  Data comprising figures is provided in Supporting Data Values file. Additional data available
457  upon reasonable request.
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Figure 1. Increased CD4" T follicular helper (Tfh) cell response in individuals with ICI-
T1DM and a mouse model of IrAEs.

A.

Schematic of ex vivo Tth skew of human peripheral blood mononuclear cells from
immune checkpoint inhibitor (ICI)-treated cancer patients and assessment of Tth cells
flow cytometry (leff). Representative flow cytometry plots of Tth cell markers (CD4,
ICOS, PD-1, and CXCRY) at baseline and after ex vivo culture under Tth-skewing
conditions for three days as reported previously?? (right). AF488, Alexa fluorophore
emission 488; €450, emission 450 fluorophore; PE, phycoerythrin; PECy-7,
phycoerythrin-cyanine 7.

Comparison of fold change in Tth cell (CD4* ICOS* PD-1" CXCRS5") frequency among
individuals with ICI-T1DM and individuals who received ICI-therapy but did not have
IrAEs (No IrAEs). Data shown as fold change relative to baseline and each pair
represents one individual.

Schema of IrAE mouse model in which non-obese diabetic (NOD) mice are treated with
twice weekly intraperitoneal injections of ICI or isotype control antibodies and monitored
for the development of autoimmune diabetes mellitus (DM) (/eft). Incidence of
autoimmune DM in NOD mice treated with anti-PD-1 or isotype (Iso).

DM incidence in anti-PD-1 treated NOD mice with a depleting anti-CD4 antibody or
isotype control (Mock).

Representative flow cytometry plot of CD4" T cells within the pancreatic islets of anti-
PD-1 treated mice showing gating for putative T follicular helper (Tth) cell surface
markers. PECy-7, phycoerythrin-cyanine 7; FITC, fluorescein isothiocyanate.
Quantification of Tfh cells (CD4" ICOS* PD-1" CXCR5™") within the islets of anti-PD-1
compared to Iso treated mice.

Frequency of Tth cells within the pancreatic lymph nodes (pLN) of anti-PD-1 compared
to Iso treated mice.

Representative flow cytometry plot showing staining of IL-21 and IFNy dual cytokine
producing CD4" ICOS* PD-1" CXCR5" Tth cells in the islet of an anti-PD-1 treated
mouse. APC, allophycocyanin; PE, phycoerythrin (/eff). Quantification of islet-
infiltrating IL-21" IFNy" Tth cells in Iso and anti-PD-1 treated mice (right).
Quantification of BDC2.5" Tth cells within the islets of Iso versus anti-PD-1 treated
mice.

Comparison of the number of islet-infiltrating IL-21* IFNy* BDC2.5" CD4" Tth cells
between anti-PD-1 and Iso treated mice.

(F-J), Absolute cell counts and frequencies of islet-infiltrating cell types were determined
by flow cytometry. Each point represents data from one animal and data are presented as
mean+SD. Comparisons by two-way ANOVA for paired samples with subsequent
pairwise comparisons (B), Log-Rank test (C,D) or Mann-Whitney test (F-J); *p<0.05,
*%p<0.01, ***p<0.001,****p<0.0001.
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Figure 2. Interleukin 21 (IL-21) and interferon gamma (IFNy) are key cytokine mediators
of ICI-T1DM.

A.
B.

mice.

anti-PD-1 treatment.

Schematic of cytokine production by Tth cells.
Incidence curve for ICI-T1DM in anti-PD-1 treated NOD. WT and NOD.IL-21R KO

Incidence curve for ICI-T1DM in ICI-treated NOD.WT and NOD.IFNG KO mice during

Representative hematoxylin and eosin-stained pancreas histology sections of isotype (Iso)

or anti-PD-1 treated NOD WT, IL-21R KO, or IFNG KO mice (original magnification
100X). Arrow indicates an islet of Langerhans.

indicated treatment conditions.

Comparisons by Log-Rank test (B, C). ****p<0.0001.

25

Insulitis index determined by histologic analyses of pancreas islet histology across
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723  Figure 3. Janus kinase inhibitor (JAKi) ruxolitinib provides robust protection against

724  immune checkpoint inhibitor (ICI) autoimmune diabetes mellitus (DM).

725 A. Proposed targeting of JAK signaling mediating downstream from IL-21 and IFNy to halt
726 autoimmune response. treatment of mice with JAKi ruxolitinib to reduce ICI-T1DM.

727 B. Schematic for treatment of mice with JAKi ruxolitinib (/ef?) and incidence of

728 autoimmune DM (right) in NOD mice treated with anti-PD-1 immunotherapy or isotype
729 (Iso) and ruxolitinib or control food gel.

730 C. Representative hematoxylin and eosin-stained pancreas histology sections of anti-PD-1 or
731 Iso-treated NOD mice (original magnification 100X) fed ruxolitinib or control food.

732 Arrow indicates an islet of Langerhans.

733 D. Insulitis index of anti-PD-1 or Iso-treated NOD mice given ruxolitinib or control food.
734 E. Schematic and absolute cell counts of pancreatic islet-infiltrating CD45" cells, as

735 determined by flow cytometry, across Iso + vehicle (n=12), anti-PD-1 + vehicle (n=15),
736 and anti-PD-1 + ruxolitinib (#n=5) conditions. Each point represents data from one animal.
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F. Representative multi-immunofluorescence staining and microscopy images (original
magnification 40X) of CD4, CDS, B220, and DAPI in the islet of Langerhans across
experimental conditions. Arrow indicates islet in merge images.

G. Quantification of CD4" T cell, CD8" T cell, and B220" B cell counts per pancreatic islet
of indicated treatment condition by immunofluorescence.

Data are presented as mean+SD (E,G). Comparisons by Log-Rank test (B) or ANOVA
with Welch’s correction and pairwise comparison by Tukey’s test (E, G). **p<0.01,
**%p<0.001, ****p<0.0001.
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747  Figure 4. JAKi treatment reduces CD4" Tfh cell response in mice and humans.
748 A. Schematic of proposed action of JAKi on CD4" Tth cells through blockade of autocrine
749 IL-21 downstream signaling.
750 B. Impact of IL-21 receptor genetic deletion in CD4" T cells on the induction of Tth cells
751 from naive CD4" T cells in vitro, assessed after three days under Tth-skew conditions
752 with anti-PD-1.
753 C. Phosphorylation of STAT3 in murine CD4" T cells in response to IL-21 (100ng/mL)
754 ruxolitinib (10uM) or vehicle control in vitro, assessed by flow cytometry.
755 D. Quantification of pancreatic islet-infiltrating, IL-21" IFNy* co-producing Tth cells as
756 determined by flow cytometric analysis, among Iso + vehicle (n=7), anti-PD-1 + vehicle
757 (n=13), and anti-PD-1 + ruxolitinib (n=5) treated mice.
758 E. Frequency of murine CD4" T cells expressing a Tth cell phenotype (CD4* ICOS* PD-1"
759 CXCRS5") following a three-day Tth skew of naive CD4" T cells in the presence of
760 ruxolitinib (10uM) or vehicle control in vitro, assessed by flow cytometric analysis.
761 F. Expression of canonical Tth transcription factors Bel6 and cMAF in murine CD4" T cells
762 following a three day Tth skew in the presence ruxolitinib (Ruxo, 10uM) or vehicle
763 control.
764 G. Comparison of Tth cell response in PBMC specimens from IClI-treated individuals at
765 baseline and following a three-day Tth skew with JAKi ruxolitinib (Ruxo, 10uM) or
766 vehicle control, measured by flow cytometry.
767 Each point represents data from one replicate (B, C, E, F; experiments repeated at least
768 twice) or animal (D), and data are presented as mean+SD. For human studies (G),
769 connected points represent data from one individual. Comparisons by two-way ANOVA
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770 (B) or one-way ANOVA (C, D, G) with subsequent pairwise comparisons or Welch’s t
771 test (E, F). ¥*p<0.05; **p<0.01, ****p<0.0001.
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