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Abstract

Immune checkpoint inhibitors (CPIs) have revolutionised cancer treatment, with previously untreatable
disease now amenable to potential cure. Combination regimens of anti-CTLA-4 and anti-PD-1 show
enhanced efficacy but are prone to off-target immune-mediated tissue injury, particularly at the barrier
surfaces. CPl-induced colitis is a common and serious complication. To probe the impact of immune
checkpoints on intestinal homeostasis, mice were challenged with combination anti-CTLA-4/anti-PD-1
immunotherapy and manipulation of the intestinal microbiota. Colonic immune responses were profiled
using bulk and single-cell RNA-sequencing and flow cytometry. CPI-colitis was dependent on the
composition of the intestinal microbiota and was characterized by remodelling of mucosal lymphocytes
with induction of polyfunctional lymphocyte responses characterized by increased expression of
interferon-y (IFNy), other pro-inflammatory cytokines/chemokines (//22, I/77a Ccl3, Ccl4 and Ccl9),
cytotoxicity molecules (Gzmb, Gzma, Prf1, Nkg7) and the chemokine receptor Cxcré. In comparison with
mucosal lymphocytes in the steady state, polyfunctional lymphocytes from both CD4* and CD8* lineages
upregulated costimulatory molecules and checkpoint molecules in CPI-colitis, indicating that these cells
are tightly regulated. CPI-colitis was attenuated following depletion of effector lymphocytes or following
blockade of the IL23/IFNy axis. This study provides new mechanistic insights into CPI-colitis, identifying
polyfunctional, cytotoxic lymphocytes as key mediators of disease. Therapeutic targeting of their effector
response or regulatory networks, including the IL23/1FNy axis likely holds the key to preventing and
reversing CPI-colitis.

Introduction

Immune checkpoint inhibitors (CPIs) are highly effective immunotherapeutics that have revolutionised
treatment paradigms for several cancers 123456 _They block inhibitory immune checkpoint molecules,
such as CTLA-4 and PD-1, restoring immune activation and bolstering anti-tumour immunity.
Simultaneous administration of anti-CTLA-4 and anti-PD-1 combination therapies are efficacious in
advanced melanoma and renal cell carcinoma 67.8.9, Unfortunately, CPlIs, especially in combination, also
trigger off-target immune activation in non-cancer tissues causing immune-mediated organ injury,
causing significant morbidity and mortality '% 712, Diarrhoea/colitis is arguably the most important,
affecting as many as 50% of CPI-treated patients and is the most common cause of serious, life-
threatening complications, treatment interruption and permanent discontinuation of CPI therapy 101112,
CPl-induced colitis is treated with high dose steroids, often for prolonged periods. Unfortunately, 40% of
patients fail to respond to steroids and others develop severe complications of immunosuppression,
including life-threatening infection ' 4. There are important concerns that immunosuppression might
impede the anti-cancer responses of CPI-therapy. Two independent studies in different tumour settings,
identified impaired survival in steroid exposed patients ' 6. Treatment outcomes with biological
therapies, such as anti-TNFa drugs are also heterogeneous '/, especially if robust outcome measures are
used. Not only do many patients fail to achieve steroid-free remission, but side effects also including
severe infections were common '8. Accordingly, there is a major unmet need to develop new, targeted
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therapies for CPI-induced toxicity, especially as CPI therapies are increasingly deployed against additional
cancer types.

Until recently, little was known about the immune characteristics of CPI-colitis. A landmark single cell
sequencing experiment identified expansion of T cells in CPI colitis with activation of both CD4* and
CD8* populations, including upregulation of cytolytic programmes and increased expression of
interferon-y (IFNy) '°. A second study focussing on CD8" cells replicated these findings and identified
expansion of tissue resident populations as key cytokine producing cells 2°. There is now a pressing need
for mechanistic insights to understand the critical immune drivers and regulators of CPI-colitis to inform
the development of targeted therapies.

Results

The composition of the intestinal microbiota regulates
susceptibility to immune checkpoint inhibitor-induced
colitis

To understand how immune checkpoint perturbation impacts the colonic immune system, we
administered anti-CTLA-4/anti-PD-1 combination therapy to wild type (WT) Balb/C mice. Although
checkpoint inhibition alone triggered systemic immune activation with induction of splenomegaly, there
was no change in colonic mass of treated with immune checkpoint inhibitors (CPIs) (Figs. 1A and B).
Since intestinal microbiota influences colitis susceptibility in cancer patients treated with CP| 21-22:23.24
we investigated whether altering the intestinal microbiota impacted colitis susceptibility. To test this
hypothesis, we transplanted the caecal microbiota harvested from TRUC mice, that are colonized with a
pro-inflammatory microbiota 2% 2 to WT mice. Although faecal microbiota transplantation (FMT) by
itself did not induce colitis, subsequent challenge with combination anti-CTLA-4/anti-PD-1 therapy did
(Figs. 1A and B). We observed increased colon mass and failure to gain weight gain in recipients of
combination anti-CTLA-4/anti-PD-1 and FMT (Figs. 1A-C). Histological assessment of the colon
demonstrated relatively mild changes in mice receiving combination CPl and FMT, including although
features consistent with reports of CPI-colitis in patients, with increased lymphocytes in the colonic
lamina propria, increased intraepithelial lymphocytes and increased epithelial apoptosis (Fig. 1D and
Supplementary Figs. 1A and B). Colonic lymphocyte expansion was corroborated by flow cytometry with
increased infiltration with both CD4* and CD8* T cells in the lamina propria of mice treated with
combination anti-CTLA-4/anti-PD-1 and FMT (Figs. 1E-G).

Neutrophil accumulation in the colon is a key feature of CPI-colitis 2/, therefore, we also evaluated the
colonic myeloid compartment. There was also significant accumulation of CD11b* Gr-1"9" neutrophils
and Ly6C"'9" MHC class II” inflammatory monocytes in the colon of mice treated with FMT and CPI
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(Figs. TH and | and Supplementary Figs. 2A-C). Disease could also be induced in C57BL/6 mice
(Supplementary Fig. 2D), indicating that this phenomenon was mouse strain independent.

Changes in the intestinal microbiota induced by FMT were recorded using 16S rRNA amplicon
sequencing. There was no significant change in a-diversity following FMT (Shannon index 2.19 in control
vs 2.40 in FMT group P=0.24, Supplementary Fig. 3A); however, B-diversity was significantly different
between control and FMT groups (P=0.038, Supplementary Fig. 3B). At phylum level, there were no
differences between control mice or FMT recipients (Supplementary Fig. 3C). However, at family level,
Rikenellaceae, Prevotellaceae and Desulfovibrionaceae were more abundant in the FMT samples
compared to untreated controls, while Tannerellaceae and Muribaculaceae were significantly reduced
(Supplementary Fig. 3D). At genus level, Alistipes and Rikenella RC9 gut group were significantly more
abundant in FMT samples. By contrast, members of the Parabacteroides and Muribaculaceae genera
were significantly more abundant in control samples (Supplementary Fig. 3E).

Transcriptomic profiling demonstrates colonic epithelial dysfunction, interferon signalling and
cytotoxicity in CPl-colitis

To investigate the immunopathology of this model of CPI-induced colitis, we analysed gene expression
changes in the distal colon using bulk RNA-sequencing. There were only minor transcriptional changes
observed in mice treated with CPI only (Fig. 2A). However, following FMT, transcriptomic variation was
also moderate, although we did observe significant induction (FDR < 0.05) of genes involved in humoral
immunity, such as the activation-induced cytidine deaminase gene (Aicda), which plays a critical role in
somatic hypermutation and class switching in B cells activated in response to microbial challenge 28, and
over-expression of immunoglobulin chains, including selective variable regions (Ighg2b, Igkv8-21, Igkv4-
67) (Supplementary Fig. 4A). Biological pathway analysis (IPA, QIAGEN) identified three causal networks
associated with the gene expression changes induced by FMT that were merged into a single network,
additionally identifying IFNy and TNFa as key nodes (Supplementary Fig. 4B).

Transcriptomic changes were more pronounced in FMT and combination CPI treated mice, with a greater
number of differentially expressed genes (DEGs) and a greater magnitude of the differences, including
385 transcripts significantly affected (FDR<0.05), of which 258 showed at least doubled expression levels
and 22 at least halved (Fig. 2A and B). The most significantly upregulated transcripts encoded proteins
involved in epithelial barrier function, extracellular matrix regulation and anti-microbial responses. The
most prominent upregulated transcripts included multiple members of the late cornified envelope (LCE)
gene cluster and keratin family genes (Fig. 2C). Their expression is dysregulated in barrier surface
diseases in response to tissue injury and infection 2%30.31_ Expression of other genes involved in
epithelial function, including defensins, aquaporins and were also dysregulated, as is observed in
conventional IBD 22. Other upregulated genes included interferon stimulated genes (e.g. Nos2, Isg15, Ifit2,
Gbp3and Gbp7), molecules involved in cell-mediated cytotoxicity (Gzma, Gzmb, Tnf), proteases and their
inhibitors (Ctsc, Srgn, Serpina12, Serpina3c) and molecules involved in antigen processing/presentation
(Cd74 and multiple MHC molecules) (Figs. 2B and C).
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Biological pathway analysis identified significant enrichment of biological processes, such as interferon
signalling, T cell exhaustion, dendritic cell maturation, death receptor signalling and activation of
phospholipase C and p38 MAP kinase in CPI-colitis (Fig. 2D). Causally affected processes (Downstream
Effects Analysis, IPA, QIAGEN) predicted to be significantly activated (z-score>2, FDR<0.05) in CPI-colitis
included systemic autoimmune syndrome, anti-microbial response, activation of leukocytes, cytolysis,
and activation of cytotoxic T cells (Fig. 2E). Causal network analysis of the most enriched pathway
(systemic autoimmune syndrome) identified a complex interplay of cytokines, chemokines, antigen
processing/presenting molecules, cytotoxicity molecules, myeloid molecules, and transcription factors
(Supplementary Fig. 5A).

We found multiple predicted upstream regulators of the molecular changes observed in the colon in CPI-
colitis, including cytokines (IFNy, IL1B, IL6, IL21, IL27 and TNFa), microbial products/TLR agonists (LPS,
TLR3, TLR4, CpG, MyD88) and transcription factors (NFkB, CEBPB, NFATC2) (Fig. 2F).
Immunosuppressive drugs, including etanercept (an anti-TNFa agent), sirolimus, and the
immunosuppressive cytokines IL10 and SOCS1 were predicted inhibitors of the gene expression changes
observed in CPI-colitis. The cytokine predicted to be most highly activated in CPI-colitis was IFNy (z-
score= 6.6, FDR=2.06x10723) (Fig. 2F). Network analysis of its interactions with the DEGs identified a
range of biological processes regulated, including antigen presentation, oxidative stress, chemokine
induction, JAK/STAT signalling, and proteasome activation (Supplementary Fig. 6A).

To determine whether this model of CPI-colitis mirrored aspects of human disease, we evaluated the
similarity between the transcriptional differences observed in our model and those reported in cancer
patients developing combination CPI-colitis 33. Consistent with our model recapitulating gene expression
changes in human CPl-induced colitis, gene set enrichment analysis (GSEA) demonstrated that the
mouse homologs of the most significantly up-regulated genes probed in patients were among the most
over-expressed ones in our model (Supplementary Fig. 7A).

High resolution single cell transcriptomics reveals colonic lymphocyte remodelling and emergence of
polyfunctional, cytolytic lymphocyte responses in CPl-induced colitis

To further probe immune mechanisms of CPl-induced colitis, we performed single cell RNA-sequencing
(scRNA-seq) from FACS purified live CD45" lymphocytes from the colons of mice with CPI-colitis and
control mice. Cluster analysis demonstrated shifts in the proportional abundance of colonic lymphocyte
populations, including expansion of T cell clusters 1, 4, 6, 24, B cell clusters 3 and 8, and ILC cluster 22
(Figs. 3A-D, Supplementary Fig. 8A).

Analysis of the main lymphocyte lineages identified remodelling of the transcriptome in T cells, B cells
and ILCs (Figs. 3B-D). There was significant upregulation (Bonferroni corrected P-value <0.001) of /fng,
Gzmb, Gzma, Nkg7, and the chemokines Ccl3, Ccl4and Ccl5in T cell compartment in CPl-induced colitis
(Fig. 3B). In T cells, Canonical Pathway Analysis (IPA, QIAGEN) identified significant enrichment of
biological processes including Ty1 and T2 activation, cytotoxicity, and T cell exhaustion in CPI-colitis
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(Fig. 3B). In B cells, there was upregulation of transcripts involved in protein synthesis and endoplasmic
reticulum stress, such as Calr, Hspd1, Hspab, in keeping with B cells adopting a secretory state in CPI-
induced colitis (Fig. 3C). In B cell clusters the most upregulated biological pathways were antigen
presentation pathways, and pathways linked to immune-mediated inflammatory diseases, including SLE
and GvHD (Fig. 3C). In ILCs there was also upregulation of cytotoxicity molecules, such as Gzma, Gzmb,
Gzmc and Prf1, and the cytokines/chemokines /22 and Cc/3 (Fig. 3D). In ILCs, crosstalk between NK cells
and DCs, and cytotoxicity signalling pathways were enriched (Fig. 3D).

Cluster-specific analysis of lymphocytes in CPI-colitis demonstrated expression of /fng across multiple T
cell clusters, including Cd4" clusters 4, 6 and 9, Cd8* clusters 24 and 25, and ILC clusters 16 and 22

(Fig. 3E). These clusters also expressed high levels of cytotoxicity molecules (Gzma, Gzmb, Prf1 and
Nkg?7), chemokines (Ccl3, Ccl4 and Ccl5), both subunits of the IL12 receptor heterodimer (//72rb7 and
I172rb2), and Cxcré, Tnfrsf9 and Stat7 (Fig. 3E and Supplementary Fig. 8B).

IFNy producing CD4 * and CD8* T cell populations co-express multiple pro-inflammatory cytokines and
cytotoxicity molecules in CPI-colitis

Given the prominent IFNy footprint observed in CPI-colitis, we further probed the transcriptome of /fng-
expressing lymphocytes in CPI-colitis in comparison with their /fng-expressing counterparts in control
mice. As well as being expanded in CPI-colitis, /fng-expressing lymphocytes co-expressed Gzmb (Fig. 4A
and B). In comparison with /fng-expressing CD4" T cells in control mice, the top 20 most highly
upregulated transcripts in /fng-expressing CD4* T cells in CPI colitis, included chemokines (Cc/3, Ccl4,
Ccl5, Ccl9), other cytokines (1122, 1113, lI17f, 110, Spp1), and cytotoxicity molecules (Gzma, Gzmb, Prf1,
Nkg?) (Fig. 4C). In CPI colitis, /fng-expressing CD8™ T cells upregulated a similar pattern of transcripts,
with increased expression of other cytotoxicity molecules, chemokines, and cytokines among the most
highly upregulated 20 transcripts (albeit with a more limited repertoire of cytokines than CD4* T cells,
Fig. 4C). The most highly upregulated transcript in /fng-expressing ILCs in CPI-colitis was //22, and
cytotoxicity molecules were again among the most highly expressed transcripts in these cells
(Supplementary Fig. 9A).

To determine whether these changes were observed at protein level, we performed flow cytometry. An
increased proportion of colonic T cells co-expressing IFNy and cytotoxicity molecules, such as granzyme

B and perforin was observed in CPI-colitis, especially in CD4* and CD8* T cells (Figs. 4D and E,
Supplementary Fig. 9B and C), and to a lesser extent CD3~ IL-7R* cells (Supplementary Fig. 9D).

We investigated which biological pathways were enriched in /fng-expressing lymphocytes using the
Canonical pathways tool (Ingenuity). The top 20 most enriched, overlapping canonical pathways in /fng-
expressing CD4* T cells in CPI colitis in comparison with /fng-expressing lymphocytes in control mice
included TCR and co-stimulatory molecule activation, effector lineage activation (Th1, Th2 and Th17
pathways), coronavirus signalling pathways and metabolic reprogramming, including oxidative
phosphorylation (Fig. 4F and Supplementary Fig. 10A). Other important pathways that were significantly
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activated in these cells included ICOS-ICOSL signalling in Helper T cells (z-score =2.53, P<3.3 x107°),
0X40 signalling pathway (z-score =1.89, P<3.3 x107°) cross talk between DCs and NK cells (Z-score 2.53,
P<0.0013) and the IL23 signalling pathway (z-score=2.45, P<0.032). There was a very similar pattern of
Canonical Pathways activated in /fng-expressing CD8* T cells in CPI colitis in comparison with /fng-
expressing lymphocytes in control mice (Supplementary Fig. 10B).

To determine whether IFNy was functionally important in CPI colitis we administered neutralizing anti-
IFNy monoclonal antibodies, or isotype matched control antibodies, to mice during induction of CPI-
colitis. Antibodies were administered simultaneously at the same time as combination CPI at weeks 0, 1
and 2. In keeping with IFNy playing an important role in CPI colitis, neutralization of this cytokine
significantly reduced colon mass in anti-IFNy treated animals (Fig. 4G).

IFNy producing lymphocytes have increased expression of co-stimulatory and immune checkpoint
molecules

To further analyse the phenotype of IFNy producing lymphocytes in CPI-colitis, we examined their
expression of co-stimulatory molecules, co-inhibitory molecules, chemokine receptors and gut homing

integrins. In both CD4* and CD8* T cells, there was an increase expression of co-stimulatory molecules in

IFNy producing lymphocytes in CPI-colitis. In CD4* T cells this included classical co-stimulatory
molecules, such as Cd28 and CdZ2, and numerous members of the TNF receptor superfamily, including
Tnfrsf4, Tnfrsf18 and Tnfrsf9 (Fig. 5A) There was a similar pattern of co-stimulatory molecule

upregulation in CD8* T cells, although CD27 was the most upregulated receptor in these cells (Fig. 5A). In
CPI-colitis, IFNy producing lymphocytes also upregulated co-inhibitory receptors. In CD4* T cells, the most
upregulated checkpoints molecules, included Ct/a4 (fold change = 2.2, FDR=7.0x1 0‘46), Hacvr2 (Tim-3,
fold change 1.8, FDR=3.7 x107°8) and Lag3 (fold change = 1.7, FDR=1.2 x10738). A broadly similar
pattern was observed in CD8* T cells with Hacvr2 (fold change 2.6, FDR=1.8 x107%") and Lag3 (fold
change = 2.5, FDR=6.7 x1072) being the most upregulate checkpoint molecules (Fig. 5A and
Supplementary Fig. 11A). These data imply that both CD4* and CD8* IFNy producing lymphocytes are
very tightly regulated in CPI-colitis.

To evaluate the functional role of these activated lymphocytes in CPI-colitis we took advantage of
antibodies that deplete CD90 expressing cells. Although CD90 is often regarded as a pan-T cell marker, it

is also a potent co-stimulatory molecule, and its ligation imparts a potent activation signal to T cells 34.
Like other activation markers, the expression of CD90 increased in /fng expressing CD4* and CD8* T cells
(Fig. 5A). Similar findings were observed at protein level, with upregulation of CD90 in both CD4" and

CD8* T cells after induction of CPI-colitis (Fig. 5B and C). Consistent with a more activated phenotype,
cells with the highest expression of CD90 produced more cytokine, including a population of dual IFNy

and TNFa producing cells, in both CD4* and CD8* T cells (Fig. 5D and Supplementary Fig. 12A).
Administration of depleting anti-CD90 antibodies significantly reduced the number of CD3* CD90* T cells
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in the colon following induction of CPI colitis and significantly attenuated disease, with reduced colon
mass and abrogation of excessive neutrophil recruitment (Figs. 5E-H).

To further evaluate the phenotype of /fng-expressing lymphocytes in CPI colitis, we compared chemokine
and gut homing receptors in cells in comparison with lymphocytes that do not express /fng. In both CD4*
cells and CD8* T cells, the most upregulated chemokine receptor was Cxcr6 (6.3-fold, FDR=2.1x1071%% in
CD4* T cells and 2.2-fold, FDR, and 3.6-fold, 1.1x107'° in CD8* T cells), and in the case of CD8" T cells,
Cxcré6 was the only upregulated chemokine receptor (Fig. 51 and Supplementary Figs. 13A and B). Gut
homing receptors, including /tga4 and /tgb7 that encode the classical gut homing integrin heterodimer
a4B7 was downregulated in both /fng-expressing CD4* and CD8* lymphocytes. These data maybe
consistent with the hypothesis that tissue resident cells, or cell arising from tissue resident cells, are key
drivers of CPI colitis rather than newly recruited T cells, especially since CXCR6 was the most highly
upregulated chemokine receptor in both CD4* and CD8* lymphocytes. Notably, markers of tissue resident
memory lymphocytes, including CD103 and CD69 were not upregulated in /fng-expressing lymphocytes.
To determine whether de novo recruitment of lymphocytes is required to initiate colitis, we administered
anti-integrin a47 mAbs to mice prior to, and during, induction of CPI-colitis. Although anti-integrin a4p7
mAbs substantially reduced the number of integrin a4B7 expressing T cells in the colon and mesenteric
lymph nodes (Fig. 5J), it failed to prevent or even reduce the severity of CPI-colitis (Figs. 5K and L). These
data are consistent with an important pathogenic role of CXCR6" lymphocytes likely arising from tissue
resident memory cells, rather than lymphocyte populations that have been newly recruited to the gut.

IL23 blockade suppresses IFNy-producing CD4+ colonic T cells and attenuates the development of CPI-
colitis.

There is a major unmet need to identify therapeutically tractable mediators in CPI colitis, therefore, we
conducted an Enhanced Causal Network Analysis (IPA) to identify upstream mediators responsible for
activating the pattern of gene expression that we observed in /fng expressing lymphocytes in CPI colitis.
Analysis of cytokines predicted to activate /fng expressing CD4* T cells in CPI colitis included IL2 (z-score
4.7,P<1.0x10727), 1L7 (z-score 3.8, P<9.8x1071°), IL15 (z-score 3.4, P<5.2x10734), IL18 (z-score 2.0,
P<4.0x1072°) and IL23A (z-score 2.6, P<2.1x1073") (Fig. 6A, Supplementary Table 1). Other predicted
regulators included transcriptional regulators (TBX21, NFATC2, STAT3, IRF6 and IRF9) and
transmembrane receptors, including co-stimulatory molecules (CD244), cytotoxicity receptors (NKG2D),
CD69 and the complement receptor CD46 (Fig. 6A, Supplementary Table 1).

From a therapeutic perspective targeting cytokines predicted to activate these pathogenic cells is an
attractive strategy, as many neutralizing monoclonal antibodies have been, or are currently, in clinical
development for other immune-mediated inflammatory diseases. IL23 is an especially attractive target in
CPlI-colitis with multiple reagents is advanced development to treat conventional inflammatory bowel
diseases. To determine whether IL23 is functionally important in CPI-colitis, we administered mAbs that
neutralize p19 subunit of the IL23 heterodimer, or isotype matched control antibody at the same time as
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combination immunotherapy. IL23 blockade reduced the number of IFNy producing CD4* T cells in the
colon in CPI-colitis and especially IFNy/TNFa co-producing cells (Figs. 6B and C). The proportion of
cytokine producing CD8" T cells were unaffected by the blockade of IL23 (Supplementary Figs. 14A and
B). IL23 blockade attenuated key disease features, including significantly reduced colon mass and
reduced recruitment of colonic neutrophils (Figs. 6D and E). These data were corroborated by inducing
CPl-colitis in //23~ mice, with reduced colon mass and reduced numbers of infiltrating neutrophils in
comparison with WT littermate control mice (Figs. 6F and G). Furthermore, CD4"* T cells also had reduced
number of IFNy/TNFa co-producing cells (Fig. 6H and I). Proportions of CD8* T cells were again
unaffected by the genetic ablation of //23 (Supplementary Figs. 14C and D). Together these data are
consistent with IL23 playing an important role regulating the evolution of pathogenic effector CD4* T
cells in CPI-colitis and identify IL23 as a potentially important therapeutic target in CPI-colitis.

To investigate whether IL23 could be a viable target in human CPIl-induced colitis we interrogated a gene
expression in the colon from a recently published dataset of patients developing CPI-colitis following
treatment with combination immunotherapy. Consistent with our analyses there was significant
upregulation of cytotoxicity molecules (PRF1, GZMB, GZMA) and interferon-responsive genes (CXCL 70)
(Fig. 6J). There was also significant upregulation of /L23 and its key signalling molecule STAT3,
indicating that IL23 is likely to be a viable therapeutic target in CPI-colitis.

We constructed a regulatory network predicted to be activated by IL23 based on downstream gene
expression changes in /fng expressing CD4* T cells, which identified activation of transcription factors
(STAT3, NFATC1), MAP kinase pathways (ERK1/2, p38 MAPK), signalling molecules (Phospholipase C
gamma 2) and other kinases (PRKCD, Syk) implicated in inflammatory diseases (Fig. 6K). Together our
data support the rationale for therapeutic targeting of IFNy producing, polyfunctional T cells in CPI colitis,
including neutralization of their upstream regulators, such as IL23.

Discussion

This study provides mechanistic insights into the immunopathogenesis of CPl-induced colitis and
identifies polyfunctional mucosal CD4" and CD8 T cells that co-produce IFNy, other pro-inflammatory
cytokines (e.g. IL22, IL17A) and cytolytic molecules, including granzyme B, as key effector cells in CPI
colitis. These cells are activated and expanded in the colon in CPI-colitis. These pathogenic,
polyfunctional T cells resemble T cell populations implicated in anti-viral responses and anti-tumour
immunity, and importantly also recapitulate studies describing the phenotype of colonic T cell
populations in patients with CPI-colitis® 2035 36.37.38 highlighting the fidelity of our disease model to
the human disease. For the first time, we show that these effector T cells are functionally required for CPI
colitis, since depletion of effector lymphocytes or IFNy neutralization prevented disease.

Our study also provides some insights into the likely origin of pathogenic effector T cells. Both CD4" and
CD8" clusters highly expressed Cxcr6 but did not have increased expression of other markers of tissue
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resident memory (Tgy) cells, such as /tgae or Cd69. These data are consistent with pathogenic CD4* and

CD8* T cells arising from Ty, cells, especially since blockade of newly arriving a4B7 expressing
lymphocytes failed to prevent colitis. These data are consistent with human scRNA-seq data showing
that proliferating T cell clusters in CPI-colitis have lower expression of /tgae or Cd69 but share TCR
clonotypes with Tgy, populations™®.

Another important characteristic of the IFNy producing, polyfunctional T cell lineages identified in this
study is that they significantly upregulated multiple costimulatory and coinhibitory receptors, indicating
that these cells are very tightly regulated. This phenomenon has also been observed in the expanded T
cell populations described in patients with CPI-colitis 1% 20. We hypothesize that under physiological
circumstances these potentially pathogenic cells are keep in check by engagement of immune checkpoint
molecules with their natural ligands that are expressed in the gut. However, in patients undergoing
checkpoint blockade, these crucial regulatory mechanisms are lost, and these potentially pathogenic
effector cells escape repression enabling them to mediate disease. Given that these cells also express
high levels of co-stimulatory molecules, they may be pre-primed for rapid activation and induction of pro-
inflammatory effector pathways when regulation by the high levels of checkpoint molecules that they
express is lost. Notably, CTLA-4 was one of the most highly expressed immune checkpoint molecules in
both CD4" and CD8™ T cells and was expressed at higher levels that PD-1, indicating that CTLA-4 may be
especially important in restraining the pathogenic potential of these cells. Notably, cancer patients treated
with anti-CTLA-4 antibodies have a much greater incidence of colitis than patients treated with anti-PD-1
antibodies.

Computational approaches predicted several cytokines, including IL23 as a potentially important
upstream regulators of mucosal T cells in CPI-colitis. Here, we show that IL23 blockade, or genetic
ablation, reduced pathogenic cytokine production by CD4* T cells, but not CD8* T cells in CPI-colitis, and
significantly attenuated disease development. Notably, targeting IL23 did not completely prevent colitis,
probably because pathogenic cytokine production was only reduced in CD4™ T cells, but not CD8* T cells,
which also likely contribute to colitis. Nevertheless, IL23 is a plausible and attractive target for CPI colitis.
As well as being highly expressed in the colon of patients with CPI-colitis3?, its receptor (IL23R) is also
expressed by multiple T cell clusters identified in single cell sequencing experiments of patients with CPI
colitis 1°. Notably, mucosal Tgy, cells also have increased expression of the IL23R*C. IL23 plays an
important role in other immune-mediated inflammatory diseases, especially at the barrier surfaces, and
clinical reagents targeting this cytokine are already in advanced clinical development for conventional

IBD, with promising results 4742

. IL23 blockade is also unlikely to impede systemic, anti-cancer immunity,
and neutralization of the IL23 might even promote favourable cancer outcomes 434445 A case report of
successful treatment of two cases of CPI-colitis following treatment with ustekinumab #¢, which blocks
the p40 subunit, common to both IL12 and IL23, further support the rationale for this approach. Other
potentially targetable cytokines implicated in causal network analysis include IL7, IL15 and IL18. One of

the key transcriptional regulators predicted to activate the gene expression changes observed in
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polyfunctional mucosal lymphocytes was NFATc2, which notably is also highly upregulated in the colon
of patients with CPI-colitis. Notably, calcineurin inhibitors, that target NFATc2 may be effective in patients

with refractory CPI-colitis 47:48.

In agreement with observations in human disease, susceptibility to CPl-induced colitis is dependent on
the composition of the intestinal microbiota 222 23:24 The barrier surfaces, and the colon in particular,
are challenged with maintaining immunological restraint against a multitude of different commensal
bacteria that vary across individuals and time 4°, whilst remaining poised to repel invading pathogens. In
our data, transcriptomic analysis of the colon following colonization with a colitis permissive microbiota
did trigger activation of some immune pathways, however, in the presence of intact immune checkpoint
regulation overt colitis was averted. However, when these key checkpoints are inhibited, dysbiosis primes
unchecked activation of polyfunctional, cytotoxic lymphocyte responses. Accordingly, immune
checkpoint molecules are likely important immune rheostats in the regulation of host perception of the
microbial colonization in the colon. Indeed, patients with germline deletions in the CTLA4 gene

spontaneously develop severe enterocolitis %0 7.

In conclusion, this study provides new mechanistic insights into immune regulation at the mucosal
barrier surfaces with important implications for the prevention and treatment of CPI-induced
autoimmunity. In the context of a colitis permissive intestinal microbiota, combination immune
checkpoint blockade with anti-CTLA-4 and anti-PD-1 results in the emergence of IL23-dependent,
polyfunctional, cytolytic, CD4" and T cells responses that are functionally in CPI-colitis development.
Effective strategies to target these pathogenic effector cells could herald improved clinical outcomes for
patients affected by this severe, immune-mediated complication of life saving CPI therapy.

Materials And Methods

Animal Husbandry

C57BL/6 and Balb/c wild type mice (both Charles River) and /237" mice (ModelOrganisms) were sourced
commercially. TRUC mice have been described previously 2% 2% 52 All mice were housed in specific
pathogen—free facilities at King’s College London Biological Services Unit, Imperial Hammersmith CBS, or
Charles River Laboratories. All animal experiments were performed in accredited facilities in accordance
with the UK Animals (Scientific Procedures) Act 1986 (Home Office Licence Numbers PPL: 70/6792,
70/8127 and 70/7869).

Isolation of cells

Mouse colons were excised and placed in cold Phosphate Buffered Saline (PBS) solution. Colonic lamina

propria mononuclear cells (cLPMCs) leukocytes were isolated, as described previously 2% 52. Briefly, the

epithelium was removed in HBSS (Invitrogen) supplemented with 5mM of EDTA and 10mM HEPES
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(Fisher Scientific). The tissue was digested in HBSS with 2% FCS and supplemented with 0.5mg/ml
collagenase D, 10pg/ml DNase | and 1.5mg/ml dispase Il (all Roche). The digested lymphocyte-enriched
population was harvested using a 40%-80% Percoll (GE Healthcare) gradient centrifugation.

Flow Cytometry

Single suspension extracted cells, as described above, were plated into flow cytometry tubes (Sarstedt) at
a concentration of 1 x 10° per ml. Cells were stimulated with 50ng/ml phorbol 12-myristate 13-acetate
(PMA), Tug/ml ionomycin, 2uM monensin (all Sigma Aldrich) for 3-4 hours as indicated. (Sigma Aldrich)
FcR receptor blocking antibodies were added before staining with antibodies. Surface staining antibodies
were added with live/dead stain (Invitrogen). For intracellular staining, cells were fixed and permeabilised
using the Foxp3 fixation/permeabilization buffer kit (Thermo Fisher) according to the manufacturer’s
instructions. Samples were acquired using a BD LSRFortessa (BD Biosciences). Sample data was
recorded in FCS 3.0 data format using BD FACSDiva 6.0 software (BD Biosciences). Analysis of the data
was performed using FlowJo software (Treestar Inc., Ashland, OR, USA).

Histology

Whole mouse colon samples were rolled using the swiss roll technique and fixed in 10%
paraformaldehyde and embedded in paraffin blocks. 3um sections were stained for haemotoxylin and
eosin.

In vivo murine antibody and faecal microbiota transplant treatment

Faecal content extracted from the caecum of TRUC mice was spun down and reconstituted in sterile PBS
with 25% glycerol and then 200pl was orally gavaged into mice. Mice treated with immune checkpoint
blockade drugs were intraperitoneally administered anti-CTLA-4 (9H10, BioXCell) using doses of 200ug
and anti-PD-1 (RMP1-14, BioXCell) at a dose of 250ug once per week °3. Mice treated with depleting
antibodies were intraperitoneally administered once a week, at the same time of giving anti-CTLA-4 and
anti-PD-1 antibodies, either 500ug anti-CD90.2 (Thy1.2, 30H12, BioXCell) or 150ug anti-IL-23(p19) (G23-8,
BioXCell). Control-isotype clones used were 2A3 (rat IgG2a) and HRPN (rat IgG1).

Bulk RNA-seq data analysis

RNA extractions methods can be found in the Supplementary Materials and Methods. The quality of the
raw library files was inspected with fastQC. Raw reads were trimmed and filtered to remove adaptor
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contamination and poor-quality bases using timmomatic °*. The resulting read files were mapped to the

GRCmM38 (mouse) or GRCh38 (human) genome assembly using Hisat2 °°

with default parameters. The
number of reads mapping to the genomic features annotated in Ensembl °°® with a MAPQ score higher

than or equal to 10 was calculated for all samples using htseg-count °7 with default

parameters. Differential expression analysis between sample groups was performed in R using the Wald
test as implemented in the DESeq2 package 8. P-values were adjusted for multiple testing with the
Benjamini and Hochberg procedure °°. The P- and corresponding FDR values were re-estimated
empirically with fdrtool %, when the histograms of the initial P-value distributions showed that the
assumptions of the test were not met.

Droplet-based single cell RNA sequencing

Colonic lamina propria cells from mice were initially sorted using a FACS Aria machine (BD Biosciences)
based on live CD45" gates and taken immediately to be run on the 10x. Cells were suspended at
1x108/mL in PBS and 10,000 cells were loaded onto the Chromium™ Controller instrument within 15 min
after completion of the cell suspension preparation using GemCode Gel Bead and Chip, all from 10x
Genomics (Pleasanton, CA), and following the manufacturer's recommendations. Briefly, cells were
partitioned into Gel Beads in Emulsion in the Chromium™ Controller instrument where cell lysis and
barcoded reverse transcription of RNA occurred. Libraries were prepared using 10x Genomics Library Kits
and sequenced on an Illumina NextSeq500 according to the manufacturer's recommendations. Read
depth of more than 200 million reads per library, or an approximate average of 10,000 reads per cell was
obtained.

Statistical analysis

Results are expressed as median + IQR. Data were analysed using Two-way Student’s t-test, Two-way
Mann-Whitney U test, Two-Way ANOVA Kruskal-Wallis test, as appropriate, using GraphPad Prism 10.0
(GraphPad Inc., USA).
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Figure 1

Intestinal microbiota regulates susceptibility to CPl-induced colitis

(A) Colon mass, (B) spleen mass and (C) change in body weight in wildtype Balb/C mice without
treatment (Control, n=61), treatment with combination anti-CTLA4/anti-PD-1 (CPI, n=25), treatment with
faecal microbiota (FMT, n=29) and mice treated with both CPl and FMT (n=143). (D) Representative colon
sections cut at 3um thick FFPE from control, CPIl, FMT and CPI+FMT treated wildtype Balb/C mice
stained with H&E (Leica). (E) Representative flow cytometry plot showing the CD4* and CD8* T cell

gating. (F) Number of CD4* T cells from Control (n=6), CPI (n=6), FMT (n=6) and CPI+FMT (n=14) treated
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wildtype Balb/C mice. (G) Number of CD8* T cells from Control (n=6), CPI (n=6), FMT (n=6) and CPI+FMT
(n=14) treated wildtype Balb/C mice. (H) Representative flow cytometry plot showing Gr-1" neutrophils
from Control, CPI, FMT and CPI+FMT treated wildtype Balb/C mice. (I) Number of Gr-1" neutrophils from
Control (n=20), CPI (n=18), FMT (n=15) and CPI+FMT (n=68) treated wildtype Balb/C mice. * P<0.05 **
P<0.01 *** P<0.001 **** P<0.0001 2-sided Kruskal-Wallis Test showing median.

Figure 2

Transcriptome analysis shows colonic epithelial dysfunction and activation of T cells, cytotoxicity, and
immune compartments in mice with CPl-induced colitis

(A) Heatmap of the z-score transformed FPKM values of the DEGs (FDR < 0.05) identified by comparing
the expression profiles of whole colon biopsies from mice with only CPI treatment (n=4), only FMT (n=3)
or with both CPI+FMT (n=3) against control mice (n=4). (B) Volcano plot highlighting the DEGs (FDR <
0.05) from the comparison of RNA samples from mice treated with both CPI+FMT (n=3) versus control
mice (n=4). Positive log fold changes indicate over-expression in treated mice, while negative log fold
changes indicate up-regulation in wildtype mice. (C) The 15 most significantly upregulated genes
involved in epithelial function, extracellular matrix regulation and anti-microbial responses in the distal
colon of mice with CPI-induced colitis (n=3) in comparison with control mice (n=4). (D) Gene expression
changes in the distal colon of mice with CPl-induced colitis (n=3) in comparison with control mice (n=4)
were used to identify which biological pathways were significantly impacted, using IPA Canonical
Pathways. (E) Significant fold changes to genes associated with biological functions and diseases in the
colon of mice with CPI-induced colitis (n=3) in comparison with control mice (n=4) were identified using
IPA Downstream Effect Analysis. (F) Upstream regulators predicted to control the gene expression
changes observed in the colon of mice treated with CPI (n=4), FMT (n=3) and both treatments together
(CPI+FMT, n=3), in comparison with control mice (n=4) were identified using IPA Upstream Regulator
Analysis.

Figure 3

Transcriptomic landscape of colonic lymphocytes in CPlinduced colitis at single cell resolution

(A) t-SNE plots of the 26 lymphocyte populations labelled according to Louvain clustering, coloured
based on SingleR cell-type assignments and split by the two conditions under consideration. (B) Circular
bar plot of the log fold changes in cell abundance, differentially expressed transcripts ranked by
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increasing log fold change and coloured by estimated false discovery rate (FDR) and canonical
pathways, identified using IPA Canonical Pathway, significantly impacted in colonic T cells, (C) B cells
and (D) ILCs in mice with CPI-induced colitis (n=3) vs control mice (n=4) (E) Violin plots showing the
expression levels of cytokines across T cell, B cell and ILC clusters in mice with CPI-induced colitis.

Figure 4

CPlinduced colitis exhibits a profound and increased cytotoxic phenotype

(A) t-SNE plot showing the increased occurrence of /fng and (B) Gzmb expressing cells in CPl-induced
colitis (n=3) vs control samples (n=4) in colonic T cell clusters. (C) Heatmap of cytokine and chemokine
expression shown by log, fold changes between CPl-induced colitis (n=3) and control samples (n=4) in
colonic CD4" and CD8™" T cell clusters. (D) Representative flow cytometry histograms and bubble plots
showing the percentage of granzyme B, IFNy and perforin expressing CD3* CD4* T cells and (E) CD3"

CD8* T cells in mice with CPl-induced colitis (n=16) and control mice (n=16). (F) Overlapping biological
pathways which were significantly impacted shown as a network, using IPA Canonical Pathways, in /fng-

expressing CD4* T cells in CPI colitis (n=3) in comparison with /fng-expressing lymphocytes in control
mice (n=4). (G) Colon mass of CPI-colitis mice treated with an isotype control (n=16) or anti-IFNy (anti-
IFNy) (n=16) **** P<0.0001 2-sided Mann-Whitney U Test showing median.

Figure 5
CPl-induced colitis is mediated by CD90 activated T cells

(A) Heatmap of co-stimulatory and co-inhibitory expression from /fng* expressing CD4* and CD8* T cells
in comparison to /fng-expressing CD4* and CD8* T cells. (B) Representative flow cytometry histogram

showing increased percentage of CD90 expressing CD4" and CD8™ T cells following induction of CPI-
colitis, in comparison with control mice. (C) Bar chart showing increased CD90 mean fluorescent intensity

(MFI) from CD4* and CD8* T cells following induction of CPI-colitis (n=6), in comparison with control
mice (n=4). (D) Representative flow plots showing the CD90" production of cytotoxic polyfunctional
IFNy/TNFa CD4* and CD8* T cells. (E) Representative flow cytometry plot and (F) number of CD90" cells
in CPI-colitis mice treated with an isotype control (n=8) or CD90 depleting antibody (n=8). (G) Colon mass

and (H) Gr-1" neutrophil counts in CPI-colitis mice treated with an isotype control (n=8) or CD90 depleting
antibody (n=8). (1) Heatmap of chemokines and gut homing gene expression from /fng* expressing CD4*
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and CD8" T cells in comparison to /fng-expressing CD4" and CD8™ T cells. (J) Percentage of CD3* a4B7*

in the colon and mesenteric lymph node (mLN), (K) colon mass and (L) number of Gr-1" neutrophils in
CPI-colitis mice treated with an isotype control (n=8) or anti-a4B7 depleting antibody (n=8). * P<0.05 ***
P<0.001 two-sided Mann-Whitney U test.

Figure 6

IL23 blockade attenuates the development of CPI-colitis

(A) Network analysis, using Enhanced Causal Network using Qiagen IPA, of predicted upstream regulators
of Ifng-expressing CD4* T cell in CPI-colitis. Multiple cytokines, transmembrane receptors and
transcriptional regulators were predicted to significantly (FDR<0.05) regulate /fng-expressing CD4™ T cell.
(B) Representative flow cytometry plot and (C) percentage of IFNy*/TNFa* CD4* T cells from CPI-colitis
mice treated with an isotype control (n=7) or an IL-23 blocking antibody (n=8). (D) Colon mass and (E) Gr-
1M neutrophil counts in either control mice (n=12) or CPI-colitis mice treated with an isotype control
(n=23) or an IL-23 blocking antibody (n=24). (F) Colon mass and (G) Gr-1"" neutrophil counts in either
wildtype mice (n=17) or //23”" mice (n=20) treated with CPI-colitis. (H) Representative flow cytometry plot
and (l) percentage of IFNy*/TNFa* CD4* T cells from CPI-colitis treated wildtype mice (n=8) or //237" mice
(n=12). (J) Significant gene expression changes in biopsies of CPI-colitis patients (n=4) compared to
healthy controls (n=4) for selected cytokines, cytokine receptors, transcription factors and enzymes. (K)

Network analysis of /fng-expressing CD4* T cell in CPI-colitis showing the significant direct genes linking
between //23rto Ifng.

* P<0.05 ** P<0.07 *** P<0.001 **** P<0.0001 two-sided Mann-Whitney U test for Colon mass in F, Gr-1M
and percentage of IFNy*/TNFa* CD4* T cells or Kruskal-Wallis test for colon mass in D.
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