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the mechanisms that drive irAEs remain largely unknown, thus
limiting treatment strategies, emerging evidence implicates tissue
microbiomes, particularly in the gastrointestinal tract, lung and skin,
as potential mediators. Here we review evidence that supports roles for | Conclusionsand perspectives
the microbiome inirAEs. We focus on ICl colitis, acommon irAE that
has strong association with the gut microbiome. We examine clinical
and preclinical studies that shed light on the immune and microbial
drivers of ICI colitis and discuss current experimental treatments.
By summarizing recent findings, we aim to encourage research

into therapies thatreduceirAE risk and severity while preserving
anti-tumour efficacy of ICl treatment.
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Introduction

Therapeutic immune checkpoint inhibitors (ICIs) potentiate T cell
responses against cancer’. Since ICIs were first approved by the US
Food and Drug Administration (FDA) in 2011, their use has expanded
for the treatment of a variety of cancers, with demonstrated successin
achieving durable control of previously fatal malignancies'. However,
clinical observations have also revealed that off-target tissue dam-
age orimmune-related adverse events (irAEs) occurin approximately
two-thirds of ICI-treated individuals* . IrAEs appear to be driven by
inflammatory or autoimmune reactions against non-malignant tissue,
including the skin or the gastrointestinal tract, which are activated dur-
ingICltreatment* . This contrasts with side effects from other cancer
therapies, which are typically mediated directly by the drug, such as
chemotherapy-induced cytotoxicity of healthy proliferative cells*™®.
IrAEs can occur in virtually any organ system and can be caused by all
classes of ICI therapy. Development of an irAE can cause additional
morbidities for a patient with cancer, limit their ability to continue
ICI therapy either temporarily or permanently, result in long-term
health impairments or, rarely, even lead to death unrelated to the
patient’s cancer*®.

In accordance with the US National Cancer Institute’s Common
Terminology Criteria for Adverse Events, the universally adopted
scoring system for all therapy-related adverse events, irAEs are scored
from grades I-V. Low-grade irAEs (I-11) are defined by mild to mod-
erate symptoms and require minimal intervention’'’; these occur

most frequently in the skin (dermatologic irAEs) and gastrointesti-
nal tract (ICI colitis)>*"""%, By contrast, high-grade irAEs (I1I-V) pre-
sent with severe to life-threatening clinical symptoms and require
urgent intervention or hospitalization”°. Grade IlI-1V irAEs present
in discrete tissues, including the gastrointestinal tract. Grade VirAEs
are defined as lethal toxicity; these most often occurin the lung (such
as ICl pneumonitis), cardiac muscle (ICI myocarditis), the nervous
system (such as ICl encephalitis), or acombination of tissues (such as
ICI myositis-neuropathy)>*113,

Predicting whether anindividual will be affected by irAEs, inwhat
organ and towhat degree remains difficult, underscoring the potential
diversityinirAE-promoting mechanisms. Factors that are proposed to
influence the risk of developing irAEs include the composition of the
gut microbiome'* ', the presence of autoantibodies” ", pre-existing
autoimmunedisorders®*°** shared antigen and T cell clones between
the tumour and the affected tissue?* >, expression of a checkpoint
molecule within the affected tissue”* and altered levels of serum
biomarkers™* 3 (Box 1). Some studies have correlated irAE occur-
rence with improved response to ICI***°, The most robust evidence
supporting this association appears for patients with melanomaandIClI
vitiligo, inwhichICl vitiligo correlates withimproved progression-free
survival and overall survival®”*%, Although observed links between
ICI response and toxicity suggest the possibility of shared immune
mechanisms that target both malignant and healthy tissue, there is
currently insufficient evidence to support or refute the concept that

Box 1| Risk factors for developing immune-related adverse events in response to immune

checkpoint inhibitors

Although immune-related adverse events (irAEs) are difficult

to predict, several factors associate with irAE development. As
described in the main text, the composition of the gut microbiome
has been associated with irAEs, particularly immune checkpoint
inhibitor (ICI) colitis'"%*>%°, Favourable response to ICI treatment has
also been linked to irAEs, particularly in melanoma?®**?, although this
correlation is not universally observed across studies in melanoma

or other cancers?”. ICl-responsive melanoma has a high incidence

of vitiligo®*®, suggesting that melanoma-reactive T cells attack
healthy melanocytes because of shared antigen expression"?'2,

The presence of shared antigens or autoreactive T cell clones in the
tumour and irAE-affected tissue has also been observed in individuals
with melanoma and ICI myocarditis®, individuals with non-small-cell
lung cancer (NSCLC) and dermatologic irAEs* and individuals

with NSCLC and ICI pneumonitis®. Some irAEs may result from ICI
therapeutic antibodies binding non-cancerous tissue that expresses
a checkpoint molecule, thereby inducing antibody-mediated cell
death?®. For instance, cytotoxic T lymphocyte-associated protein 4
(CTLA-4) expression in the pituitary gland®® and programmed death
ligand 1 (PDL1) in cardiac tissue®® were observed in irAE-affected tissue
in ICl hypophysitis and ICI myocarditis, respectively.

Autoimmunity or baseline inflammation that presents in patients
before ICI treatment can also predispose them to irAEs. The presence
of circulating autoantibodies has been correlated with incidence of
ICI thyroiditis (anti-thyroid peroxidase and anti-thyroglobulin)”, ICI
arthritis (anti-rheumatoid factor)'®, ICI hypophysitis (anti-GNAL and
anti-ITM2B) and ICI pneumonitis (anti-CD74)". However, other studies

have found no correlation between presence of autoantibodies and
irAEs?*?"®, suggesting that additional mechanisms can contribute

to irAE development. Individuals with cancer and pre-existing
autoimmune disorders, such as inflammatory bowel disease (IBD),
rheumatoid arthritis or lupus, can be safely treated with ICls®*"?
although autoimmune disease recurrence with ICl therapy has been
reported”?. In particular, patients with cancer and IBD are at higher
risk of ICI colitis®. The increased level of certain serum factors before
ICl treatment in patients with various cancer types has been also
associated with irAEs, such as increased C-reactive protein (CRP)?%%°
and decreased IL-6™*. Specific associations reported include IL-17 and
ICI colitis™; IL-1B, IL-2 and GM-CSF and ICl thyroiditis?’; and IL-10 and
ICI pneumonitis®®. Therefore, circulating cytokines at baseline may

be valuable biomarkers in predicting irAEs®.
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ICI response and toxicity are causally related across discrete tumour
types and irAE-affected tissues.

The composition and community structure of the gut micro-
biome influences the therapeutic efficacy of ICls in several cancers
including melanoma, non-small-cell lung cancer (NSCLC) and renal cell
carcinoma®°, More recently, the composition of the gut microbiome
has been associated with the development of certain irAEs®*. Lower
bacterial species diversity, specific taxonomic features of the microbi-
ome or prior antibiotic treatments have been linked with increased irAE
incidence or severity*'*** ¢, The association of certain microbes and
microbial products with irAEs may provide opportunities to identify
new biomarkers of risk for developing irAEs, to define mechanisms
that drive off-target tissue toxicity and to potentially use microbiota
as a method to enhance ICl efficacy while mitigating irAEs™ 6540,
However, itisimportant to note that thisis an emerging area of study,
andthefield has not yet reached consensus onirAE-associated micro-
biota or whether specific microbial taxa are deleterious or beneficial.
Moreover, the mechanisms by which microbiota may promote or
protect from irAEs have not yet been identified. Given the diversity
of irAE presentation* ® and the microbiomes in distinct tissues®,
there may be an array of mechanisms involved. Thus, to effectively
use microbial-based or microbial-targeting treatments in patients
with cancer, we must better understand the mechanisms by which
microbiota affect the hostimmune response during ICl therapy.

Inthis Progress article, we synthesize recent clinical and preclini-
calstudies that reveal pivotal associative and causal links between the
microbiome andICl colitis, as this is the irAE with the most compelling
evidence for microbiome involvement. We frame current findings by
outlining the clinical manifestations of ICI colitis and examining the
interplay between intestinal immunity and the microbiota. We then
review experimental therapeutic strategies under investigation for
ICl colitis and briefly discuss evidence of microbiome involvement in
other irAEs. By highlighting emerging mechanistic insights, our aim
istoadvance the understandings of irAE pathogeneses and accelerate
the development of new interventions to mitigate these toxicities.

ICI colitis pathophysiology

Clinical features of ICI colitis

The onset of ICI colitis typically occurs 5-10 weeks after initiation of
ICItreatment®and is marked by symptoms such as frequent diarrhoea
and abdominal cramping®®. Although typically presenting in the
large intestine, ICI colitis can involve the distal portion of the small
bowel®. GradelICl colitisis defined as anincrease in stool frequency of
<4 stools per day over baseline yet is otherwise asymptomatic. Grade Il
ICI colitis includes an increase of 4-6 stools per day over baseline
and can involve abdominal pain and mucus or blood in the stool®.
Grade llI-1VICl colitis is characterized by an increase of >7 stools per
day over baseline, severe abdominal pain and additional peritoneal
signs upon physical exam such as guarding and rebound tenderness;
these symptoms require urgent intervention in a hospital setting®’.
Anti-cytotoxic Tlymphocyte antigen 4 (CTLA-4) immunotherapy car-
riesanincreased risk of developingICl colitis, whichis dose dependent,
compared with programmed cell death protein1(PD1) or programmed
deathligand 1 (PDL1) inhibitor-based monotherapies®. Current stud-
iesindicate anti-CTLA-4 associates with risk of any grade of ICI colitis
in approximately 9% of patients and risk of grades IlI-V in 6.8-7.9%
of patients, whereas anti-PD1 and anti-PDL1 associate with risk of
any grade in approximately 0.9-11.2% of patients and grade llI-V in
0.3-1.3% of patients''>*, The highest risk of ICI colitis associates with

combinationanti-CTLA-4 and anti-PD1or anti-PDL1therapy (any grade
inapproximately 7.3-28% of patients and grades IlI-Vin approximately
4.8-9.4% of patients)™'>, This varied presentation of ICI colitis with
ICItype, as well as the fact that individual ICI therapies tend to associ-
atewithspecificirAEs (such as anti-PD1with dermatologicirAEs or ICI
pneumonitis®®), suggests that the distinct mechanisms of ICl action®’
may contribute to irAE tissue specificity. However, further work is
needed to test this concept rigorously.

Among patients with ICl colitis symptoms, 61.1% present withboth
endoscopicand histologicinflammation, whereas 25.8% present only
with histologic inflammation, and the remaining 13.1% have normal
endoscopicand histologic evaluations®. Endoscopic ICI colitis, which
ismost frequently afeature of grade II-1VICl colitis, is often observed
in the large intestine, although approximately 14% of patients have
endoscopic findings in the ileum (that is, the distal small intestine)®*.
Histologic assessment of colon biopsy specimens from individuals
withICl colitis canbe characterized as acute, chronic or microscopic®*.
Acute histologic features are observed in most patients with ICI colitis;
theseinclude cryptitis, apoptosis, and neutrophilic and/or eosinophil
infiltration®>****72_Chronicinflammatory features are also observed,
including crypt architecture distortion, basal lymphoplasmacytosis,
and lymphocytosis or subepithelial collagen band deposition®*¢*¢572,
Microscopic colitis triggered by ICI treatment, which can associate
with ICI colitis spanning grades I-1V, is endoscopically normal yet
accompanied by histological alterations. This is often linked with prior
exposure to non-steroidal anti-inflammatory drugs and proton pump
inhibitors (PPIs), outside of ICI therapy’®’>”, Collectively, the histologic
observationsindicate thatICI colitis can presentin awide spectrum of
inflammatory patterns, with different inflammatory cells in various
distributions, although currently the impact or prognostic value of
discrete histologic patterns remains unclear®**%572,

The first-line treatment for grade II-1V ICI colitis is corticos-
teroid treatment to reduce systemic inflammation, which results
in remission of ICI colitis in 60-70% of patients®***, Patients with
corticosteroid-refractory ICI colitis are treated with second-line
therapies® that have been adopted from treatments for inflammatory
bowel disease (IBD). These include monoclonal antibodies inhibiting
tumour necrosis factor (TNF) or a437 integrin; however, their safety
and efficacy inICI colitis remain to be fully established®”>7>”®, Following
resolution of ICI colitis, patients may restart ICI treatment, althoughICI
colitis can reoccur and must be closely monitored””’®, A retrospective
study demonstrated that pre-existing IBD increases the risk of ICI coli-
tis, with anti-CTLA-4 therapy carrying the highest risk of gastrointes-
tinal adverse eventsin this group of individuals®™. Therefore, patients
with cancer that have active gastrointestinal infections or autoimmune
disease before commencement of ICI treatment, including infectious
colitis or active IBD, are generally recommended to defer initiation of
ICluntil their colitis is under control**®,

Similarities and differences between ICI colitis and IBD. On colo-
noscopy, ICI colitis appears similar to ulcerative colitis and Crohn’s
disease, with ulcerations, erythema, exudate and granularity, yet ICI
colitis can also be accompanied by normal gross tissue pathology upon
endoscopy with pathological damage evident microscopically®*7”.,
Relative to IBD, histologic assessment of ICI colitis tissue reveals
more apoptotic bodies and less basal plasmacytosis and crypt dis-
tortion, potentially indicating acute injury in ICI colitis”. On a cellu-
lar level, both ICI colitis and IBD are characterized by neutrophilic
infiltration into the tissue and a systemic inflammatory response,
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often exemplified by increases in circulating platelets and white
blood cells™. Low-grade ICI colitis tends to be reversible with cessa-
tion of therapy, whereas IBD tends to be more chronic in nature with
an aetiology that is multifactorial’>®** and not necessarily related to
a specific drug exposure® %>, Despite these differences, the treat-
ment of steroid-refractory ICI colitis with advanced therapies for
IBD highlights the potential for overlapping disease mechanisms.
Nonetheless, high-grade ICI colitis, unlike IBD, can often be reversed
both clinically and histologically with medical treatment including
the advanced therapies adopted from IBD®%37,

Development of mouse models for ICI colitis

The absence of effective mouse models of irAEs has been a major obsta-
cleinthe field, preventing mechanistic studies and preclinical drug
testing. To frame current work on ICI colitis models, we provide asum-
mary of common cellular and microbial interactions within the gastro-
intestinal tract (Box 2). Given these known mechanismes, initial insights
intoICl colitis-promoting factors were based on observations of altered
intestinal immune cell composition and purported immune function
from patient biopsies, which collectively indicated overactivation of
innate and adaptive immune subsets in irAE-affected tissue'*'>5-8¢,
Nonetheless, althoughIClcan promote T cell priming and activation®*$,
and cytokines produced by activated T cells can contribute to disrup-
tion of intestinal barrier function®-', the specific mechanisms that
initiate and drive ICl colitis remain incompletely defined.

ModellingICI colitis or other irAEs experimentally has been chal-
lenging as mice housed in specific pathogen-free (SPF) conditions do
not develop overt irAEs when treated with ICIs®**% This is potentially
because of the observation that SPF-housed mice have a preponder-
ance of naive immune cell populations and a less mature immune
system than adult humans, whose immune systems have typically been
exposed to numerous microbial challenges across the lifespan®*.
Moreover, although SPF-housed Ctla4™ or Ctla4”"PdcdI™ mice
develop tissue inflammation, such as myocarditis and pancreatitis,
as well as lymphoproliferative disease leading to early mortality®°,
these mice have not been reported to develop colitis, suggesting that
additional mechanisms beyond inhibition of CTLA-4 or PD1contribute
to ICl colitis. Accordingly, in the past five years, several groups have
used discrete approaches to induce ICI colitis in mice using distinct
genetic, microbiome, or chemical approaches, providinga collection
of experimental models *51°°71% (Table 1).

Aninitial study using the colitis-promoting agent dextran sodium
sulfate (DSS) in mice bearing melanoma tumours demonstrated that
DSS-induced intestinal damage and inflammation was exacerbated
through anti-CTLA-4 treatment'®. These results were confirmed by oth-
ers and extended by findings that indicate combination anti-PD1 and
anti-CTLA-4 worsened DSS-mediated intestinal toxicity®'*'°, None-
theless, DSSisaharsh treatment that destroys the epithelial barrier and
may not fully recapitulate physiological conditions in humans with ICI
colitis. Furthermore, microbiota-driven inflammation following DSS

Box 2 | Intestinal immunity and host influences on intestinal microbiota

Several barriers protect the host from microbiota in the intestinal
lumen. Enterocytes within the epithelial barrier form tight junctions
with adjacent enterocytes, which help to establish cell polarity and
prevent microbes from infiltrating the tissue. The epithelial barrier
also comprises other specialized populations such as goblet cells,
intestinal stem cells, Paneth cells and intraepithelial lymphocytes
(IELs), which include T cell subsets that can recognize microbial
antigens. Mucus secreted by goblet cells creates a physical barrier
between the microbiota and epithelium'®. The mucus barrier is
rich with chemical deterrents to prevent bacteria from colonizing
the lamina propria. These include antimicrobial peptides (AMPs),
which are secreted by Paneth cells and directly kill bacteria, and
IgA antibodies produced by plasma cells, which prevent bacterial
binding to the epithelium and facilitate retention of microbes in the
mucus layer”®?", The lamina propria contains a wealth of immune
cells including macrophages, dendritic cells (DCs), neutrophils
(during inflammation), innate lymphoid cells (ILCs), B cells and
various T cell subsets, including cytotoxic T, T helper 1 (Ty1), T,2,
Ti17 and regulatory T (T,,) cells”. Specialized antigen-presenting
cells (APCs) that express CX;CR1 can extend projections through the
epithelium to the lumen to sample bacterial antigens?®. Intestinal
barrier cells are capable of shaping the tissue microenvironment

in response to the microbiota through secretion of soluble factors
including cytokines and chemokines, but only certain cells directly
impact microbiota. Macrophages, neutrophils and DCs can
phagocytose bacteria, and DCs in turn present bacterial antigen

in gut-associated lymphoid tissue (GALT) to educate T cells'®.
Notably, the intestinal immune cell composition varies along the

length of the gastrointestinal tract. The small intestine contains
higher proportions of IELs, cytotoxic T cells, T,17 cells and ILCs'%*°,
GALT, such as Peyer’s patches, is also at higher abundance in the
small intestine. The colon, which has a higher density of microbiota,
contains greater frequencies of macrophages, T, cells, plasma cells
and DCs'?%%",
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treatment is likely secondary to the epithelial damage induced by DSS
and subsequent bacterial dissemination™. Thus, although models that
use DSS can recapitulate some inflammatory responses associated
withICl colitis®'°>'%™ they are unlikely to accurately reflect ICI colitis
initiating factors or effects of the microbiota.

Based on the understanding that SPF-housed mice have a rel-
atively naive immune system, our group examined the hypothesis
that perturbation of immune homeostasis was necessary to reveal
irAEs in this experimental setting. We first used a mouse model of
disrupted intestinal immunity because of a genetic lesion in the host
that predisposes to intestinal inflammationin SPF housing conditions®'.
This model ablates expression of the transcription factor STAT3 from
antigen-presenting cells (APCs) (CD11c-Cre Stat3"" mice), thereby
rendering APCs hypersensitive to gut microbiota, such that they dem-
onstrateincreased expression of co-stimulatory molecules and inflam-
matory cytokines following exposure to toll-like receptor agonists®"%,
We found that anti-CTLA-4 treatment of melanoma-bearing CD11c-Cre
Stat3miceled to aggravated intestinal inflammation and tissue dam-
age, relative to CD11c-Cre Stat3™" mice treated with IgG or wild-type
mice treated with anti-CTLA-4%. In addition, we observed systemic
myeloid cell mobilization, increased bone marrow myelopoiesis and
attenuated tumour response to anti-CTLA-4 relative to anti-CTLA-4-
treated Stat3-sufficient controls®. These findings suggest roles for
hyperactive or deregulated APC function in driving ICI colitis®"'"”, yet
this model is limited by the likely possibility that specific ablation or
repression of STAT3 in APCs does not occur in the majority of humans
with ICl colitis.

To better model ICI colitis and provide improved approaches
to dissect microbiome and host factors, our group and others have
attempted to sensitize wild-type mice using faecal microbiota trans-
plantation (FMT) with discrete microbiomes®"°010110310¢ Forexample,
both WildR mice®”, which have stably reconstituted microbiota from
free-living (that is, wild) mice, and mice that receive WildR micro-
biotaby FMT develop ICl colitis upon treatment with anti-CTLA-4 and
anti-PD1'°%%*, Similarly, FMT with faecal material from mice with a
naturally occurring dysbiotic microbiome, potentially resulting from
genetic perturbations of the immune system' (that is, CD11c-Cre
Stat3™ mice® or Thx217 x Rag2”” (TRUC)mice'), results in ICI colitis
upon anti-CTLA-4, anti-PD1 or combination ICI treatment®"1010>116,
Notably, FMT from CD11-cre Stat3™ or WildR mice without ICI does not
induce intestinal inflammation®-°°1°*, These findings support causal
roles for the microbiome as well as theimportance of ICI treatmentin
driving ICI colitis. These studies improve on prior models because of
their focus on the microbiota and absence of genetic or chemical per-
turbationsinthe host; however, the microbiomes of WildR, CD11c-cre
Stat3™ mice, TRUC, or SPF-housed mice are likely to differ substantially
from humans. Notably, preclinical mouse models have been established
using microbiota from humans with ICl colitis"’, which could enable the
identification of humanICl colitis-promoting taxa and corresponding
immune responses.

Ininitial approaches to define ICI colitis-promoting taxa, specific
bacterial species have beenused to colonize or infect mice and examine
responseto ICls. For instance, Andrews et al. linked the enrichment of
Bacteroides intestinalisin faecal samples from patients with melanoma,
collected before ICI treatment, withanincreased propensity to develop
irAEsin response to combinationICI treatment™. They next colonized
non-tumour-bearing SPF-housed mice with a combination of three
B. intestinalis strains cultured from patients with grade IlI-1V irAEs,
whichledtoincreasesinlesions and/libtranscriptlevelsintheileum,

Table 1| Current mouse models of ICI colitis

Model Description Colitis inducing ICI

DSS Chemical disruption of intestinal ~ Anti-CTLA-48"10%105106108109177
epithelium in the absence of ICl  4nti-CTLA-4 + anti-PD19517

CD11c-Cre Genetic predisposition to colitis ~ Anti-CTLA-4%'

Stat3"! in the absence of ICI

TRUC Genetic predisposition to colitis ~ Anti-CTLA-4"®
in the absence of ICI

C. rodentium  Gastrointestinal infection with Anti-CTLA-4°'

infection pathogenic bacterium

B. intestinalis  Colonization with commensal Anti-CTLA-4 + anti-PD1"

transfer bacterium
WildR mice®  Laboratory mouse with stable Anti-CTLA-4'°°
engraftment of wild mouse anti-CTLA-4 + anti-PD1'%°
microbiota
CD11c-Cre Faecal transfer of an aberrant Anti-CTLA-4%'
Stat3”"FMT  microbiome
TRUC FMT Faecal transfer of an aberrant Anti-CTLA-4"""
microbiome anti-PD1101103
anti-CTLA-4 + anti-PD1'!
WildR FMT Faecal transfer of wild mouse Anti-CTLA-4 + anti-PD1'°%'%*

microbiome

A comprehensive list of current mouse ICI colitis models that are dependent on ICl and

lead to colon-specific inflammation. DSS, dextran sodium sulfate; FMT, faecal microbiota
transplantation; ICI, immune checkpoint inhibitor; TRUC, Tbx217~ x Rag2”~ mice; *WildR mice
are laboratory mice reconstituted with a wild (that is, free-living) mouse microbiome.

suggesting that B. intestinalis promotes ICI colitis™. Separately, we
found that anti-CTLA-4 treatment enhanced intestinal inflammation
in mice that were infected with the murine gastrointestinal pathogen
Citrobacter rodentium®, suggesting that acute gastrointestinal infec-
tions may predispose to or exacerbate ICl colitis. Asamodel system for
studying microbiome-mediated mechanisms of ICI colitis, infection
with C. rodentium may have the added benefit of inducing colitis viaa
microbiome disruption approach rather than chemical interference
(such as DSS)"®, The use of preclinical models to examine the effects of
known bacterial strains, consortia or by-products will be essential for
definitively identifying microbiota-driven mechanisms that cause or
protect fromICl colitis and otherirAEs. Beyond animal models, culture
systems may help to advance mechanistic understanding of ICI colitis.
Forinstance,immune cells from ICI-treated mice co-cultured with intes-
tinal organoids resulted in epithelial injury; however, contributions
from microbiota to these responses remain untested in this model'**.
Together, the current suite of mouse ICI colitis models (Table 1) and
advancements in culture systems provide opportunities for further
investigations into the mechanisms driving ICl colitis.

Host responses in ICI colitis

Barrier tissue and epithelial remodelling

Analyses of tissue biopsies from humans with ICI colitis using single-cell
RNA sequencing (scRNA-seq) provided insightsinto cellular dysregula-
tion with this irAE®>%¢'%*, These studies revealed decreases in epithe-
lial stem cell transcripts and concurrent upregulation of interferon
(IFN)-stimulated genes (ISGs) in luminal enterocytes®, along with an
increased gene signature of epithelial barrier disruption®*'**, These
data are consistent with histological findings of damage to the intes-
tinal epithelial barrier in ICI colitis biopsy samples as well as mouse
models of ICI colitis®®”">511%! while also suggesting increased microbial
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exposure, as indicated by the increased expression of ISGs*® (Fig. 1a).
Inlinewith these data, arecent study of biopsy specimens from patients
withICl colitis revealed decreases in the tightjunction proteins ZO-1and
occludin, along with anincrease in MLCK1, which promotes actomyosin
contraction and intestinal permeability'®*. These authors also showed
thatinhibition of MLCK1in mice with WildR microbiota prevents barrier
dysfunction andICl colitis in response to combination ICI, pointingtoa
potential therapeutic opportunity and underscoring theimportance of
epithelial barrier integrity in restraining ICI-mediated tissue damage'**.
Inaddition, specific microbes and their metabolites (such as short-chain
fatty acids, SCFAs) areimportant to maintain epithelial tight junctions
andbarrier function"*°, Moreover, degradation of the epithelium and
reduced barrier function predisposes the tissue to microbial infiltra-
tion, which can drive increased inflammation'”. Therefore, the com-
position of the microbiome may influence epithelial barrier function

and thereby regulate microbial-driven inflammation"*?°, However,
whether and how alterations of the epithelial barrier in ICI colitis are
facilitated by the presence or absence of specific microbiota taxa
and the temporal effect of these factors during disease development
requires further investigation.

Lymphocyte responses in ICI colitis

Upon activation from the naive state, T cells upregulate the expres-
sion of CTLA-4 and PD1 on their cell surface®”**'*2, CTLA-4 and PD1
are also expressed by some cells in homeostatic conditions (such
as CTLA-4 on regulatory T (T,.,) cells; PD1 on CD8" tissue-resident
memory T (T cells in the skin and type 3 innate lymphoid cells
(ILC3) in the gut)®”**>>">5 These inhibitory molecules are critical
for restraining T cell activation through distinct mechanisms to pre-
vent auto-reactivity, and targeting them therapeutically through
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ICI treatment can enhance T cell function and tumour control®%'%,
Consistent with this, profiling human ICI colitis biopsy specimens by
scRNA-seqrevealed key lymphocyte alterations, such as expansion of
CD8* Tyycells, granzyme-expressing cytotoxic T cellsand CD4" T helper
(T, cell subsets, including IFNy-producing T,1 and IL-17-producing
T,17 cel]s8!/8284-86103,104,126 (Fig. 1b).

The enrichment of T,;17 cells and IL-17, together with their asso-
ciation with IBD, suggested that T,17 cells could be mediators of ICI
colitis®*'”. However, additional data suggest more nuanced roles for
T, 17 cells. For example, T;17 cells have not been found to be enriched
in all studies of human ICI colitis specimens®"*. Furthermore, the
abundance of T,;17 cells does not correlate with ICI colitis symptoms
in the CD11c-Cre Stat3™1Cl colitis model®, and antibody blockade of
IL-17A or /l17a deletion did not mitigate ICI colitis in the WildR FMT
model'°°. Moreover, T,17 cells produce IL-17A and can also produce
IL-22; these cytokines promote protective responses in the intestinal
epithelial barrier, including epithelial regeneration, mucus production
and antimicrobial peptide generation'’, These data raise the possibility
thatIL-17A-producing or IL-22-producing T cell populations, including
T,17 cells™®, may provide protective responses during ICI treatment.

Ty17 cells can also produce IFNy under inflammatory condi-
tions®'*°, and increases in intestinal IL-17A'IFNy* CD4" T cells have
beenreported in patients®>**'> and mice'” with ICI colitis. In the TRUC
FMT model, blockade of IL-23, which promotes T,17 cell differentia-
tion, restrained ICI colitis and decreased the frequency of intestinal
IL-17A'IFNy* CD4" T cells'®. IFNy-producing T cells have the potential
toinduce tissue damage and inflammation through IFNy-driven disrup-
tion of epithelial tight junctions and barrier function®. Similarly, other
cytokines or T cell-secreted factors such as granzymes and TNF may
promote epithelial degradation and adisrupted barrier'®***!, Although
datafrom preclinical studies in ICI colitis models have shown that the
magnitude of specific colonimmuneinfiltrates can vary with different
ICItreatments'*'?, further studies are required to delineate whether
and how T cell populations contribute directly to ICI colitis pathology
oriftheir responses simply correlate with the disease. Critically, many
oftheT cell features observed in humanICl colitis have been recapitu-
lated in mouse models®-°°"'”7, which has increased confidence in the
utility of these models.

T, cells are essential for intestinal homeostasis by producing
anti-inflammatory factors such as transforming growth factor-3 (TGFf3)
and IL-10 and by enforcing tolerance to commensal microbiota™**51,
T, cellsalso constitutively express CTLA-4. Thisis particularly relevant
in the context of ICI treatment as specific CTLA-4 antibodies, such as
clone 9H10, directed against mouse CTLA-4, can lead to depletion of
T, cells™. This depletion is mediated via phagocyte-dependent mech:-
anisms and dependent on antibody isotype®*. These dataraise the pos-
sibility thatanti-CTLA-4-mediated T, cell depletion may resultinaloss
of immune tolerance to the microbiota and thereby contribute to ICI
colitis. Insupport of this concept, WildR mice treated with anti-CTLA-4
(clone9D9) show areductioninrelative T, cell frequency, specifically
the peripheral T, cell subset characterized as RORyt" HELIOS™°.
Additional support for protective roles for T, cells was shown in a
DSS mouse model. In these mice, ICI colitis induced by anti-CTLA-4
could be suppressed through colonization with a consortia of four
Bifidobacteria spp. (B. bifidum, B. longum, B. lactis and B. breve), and
these protective effects were abrogated upon T, cell depletion'®',
These data further suggest that Bifidobacteria spp. may induce or help
tomaintainaneffective T, cell response during anti-CTLA-4 treatment.
However, other mouse models of ICI colitis using anti-CTLA-4, as well

as clinical reports, have not yet provided a firm consensus on T, cell
functionin this irAES!$28486103135137

Innate lymphoid cells (ILCs) have many functional similarities to
T cells but lack antigen specificity™®. A retrospective analysis of colon
biopsies from patients withmelanomaand IClI colitis found anincrease
in the proportion of type 1ILC (ILC1)-related transcripts, relative to
ILC2 or ILC3 transcripts'®, suggesting the potential involvement of
ILCls inICl colitis. By contrast, expansion of ILC3s correlated with ICI
colitis in mice treated with DSS and combination ICI'””. Colonization
with the commensal bacterium Lactobacillus reuteriimproved symp-
toms of colitis in this model and correlated with decreases in ILC3s,
whereas ILC1 and ILC2 population frequencies were unaffected by
L. reuteri'. These varied observations may reflect species-related or
treatment-related differences in ILCs'’, although additional studies
are needed to clarify functional roles for ILCs as well as other innate
and adaptive lymphoid populations in ICI colitis.

Roles for myeloid populations in ICI colitis

Myeloid cells directly sense microbiota and conduct or coordinate
diverseimmune responses such as phagocytosis, antigen presentation
and inflammatory signalling'?®, placing them as critical intermediates
between gut microbiota and host immune responses. Evidence from
CDllc-Cre Stat3™ mice directly implicates deregulated APC function
indrivingICl colitis, as these mice have hyperactivated APCs because of
aSTAT3 deficiency and develop colitis that is worsened by anti-CTLA-4
treatment®. These animals also show a systemic myeloid reaction, as
indicated by increased bone marrow myelopoiesis and anaccrual of neu-
trophils and monocytes in peripheral blood, spleenand colon tissue®.
Theinfiltration of neutrophils, monocytes and macrophages, along with
enrichmentinrelated transcriptional signatures, hasbeenobservedin
several mouse models of ICI colitis®'**'°“!'° and biopsy specimens from
patients withICl colitis, across diverse tumour types and ICl treatment
regimens®®%13 (Fig. 1b). Moreover, neutrophil activity, as measured by
anabundance of calprotectinand lipocalin-2 in stool, has been used clini-
cally as abiomarker for ICI colitis"**°, Recently, macrophage-mediated
T cell recruitment via CXCL9-CXCR3 and CXCL10-CXCR3 signalling
wasimplicatedinICl colitis. Computational studies of scRNA-seq data
fromhumanIClI colitis biopsy specimensinitially predicted this cell-cell
communication mechanism, which was further supported by ameliora-
tion of ICI colitisinthe TRUC FMT mice treated with anti-PD1, following
blockade of the CXCL9-CXCR3 and CXCL10-CXCR3 signalling axis or
macrophage depletion'®, Similar targeted studies using additional
ICI colitis models, including those that focus on the microbiome, are
needed to better clarify the involvement of myeloid cells and deregu-
lated myelopoiesis in ICI colitis, as well as how these responses are
shaped by specific microbiotain the context of ICI treatment.

Cytokines, chemokines and immune effectors

Cytokine multiplex and scRNA-seq studies have revealed increases in
numerous soluble inflammatory factorsin human or mouse intestinal
tissue duringICl colitis; however, the field has not yet reached consensus
onwhether correlations exist between specific factors and risk or sever-
ity of ICI colitis. Increased factors include myeloid growth-promoting
cytokines (such as granulocyte colony-stimulating factor (G-CSF®')
and IL-658510119%) ‘myeloid chemoattractants (such as CXCL2%"%),
lymphoid chemoattractants (such as CXCL9 and CXCL10%8210110%),
lymphocyte-derived factors (such as IFNy®828486100.101103105 g q
granzymes®>$*%¢1%) myeloid-produced cytokines (such as IL-1a*',
IL-1B!#8185105 gnd TNFSI8284101104105) and T 17-related and ILC3-related
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cytokines (such as [L-17886100.103105 1] 93101 gnd [L-23'°41%%) (Fig. 1b).
Inaddition, serum levels of G-CSF, IFNy, IL-6 and TNF were increased in
melanoma-bearing CD11c-Cre Stat3™ mice treated with anti-CTLA-4%.,
Astudy encompassing multiple irAE types in patients with melanoma
receiving anti-PD1 therapy reported increases in 11 circulating solu-
ble factors associated with irAE incidence”, yet evaluation of serum
cytokinesin patients with ICI colitis, across cancer types and ICI thera-
pies, did not reveal an accrual of pro-inflammatory factors®®. More
recently, tumour IFNy amountsin patients with melanoma were found
to be predictive of tumour response and irAE risk with treatment with
combination ICI*", suggesting the potential for prognostic approaches
aimed at mitigating irAE development.

Mouse models have provided opportunities to interrogate the
functions of specific cytokinesinICl colitis. Inaddition to the aforemen-
tioned roles for CXCL9, CXCL10 and IL-23 in the TRUC FMT model'?”,
IL-6 and IL-1B have been implicated in ICI colitis in mice!*5102106107,
Treatment with anIL-6-blocking antibody reduced coloninflammatory
cytokine amountsin CD11c-Cre Stat3™ mice; however, antibiotic treat-
ment plus anti-IL-6 was required to suppress ICI colitis®, suggesting
that additional factors, such as microbial components, are required
to drive ICI colitis. Consistently, suppression of DSS-mediated ICI
colitis with Bifidobacteria spp.'°>'°° or L. reuteri'” was accompanied
by reduced IL-6 levels in colon tissue and serum. Separately, use of an
FDA-approved IL-1 receptor (IL-1R) antagonist, in combination with
antibiotics, reduced subclinicalilealinflammation in tumour-bearing
mice treated with combination ICI**. IL-1f and IL-6 are canonically
expressed by myeloid cells upon microbial challenge'*?, underscoring
potential synergy oracomplexinterplay between the microbiotaand
hostimmune systeminICI colitis. Nonetheless, studiesinthisareaare
in early stages, and additional investigation is needed to determine
whether circulating, tumour or tissue cytokine amounts associate with
ICI colitisincidence and tumour response, and whether the cancer type
or the specific ICl treatment used alters cytokine profiles.

Microbiota inirAEs

Roles for gut microbiota in ICI colitis

Intestinal microbiota serve critical functionsin mediating immune cell
development and tolerance™**, Host cells recognize microbiota
either non-specifically through pattern recognition receptors or in
an antigen-specific manner, which results inimmune cell activation
and pro-inflammatory or tolerogenic signalling"*?%, Additionally,
microbial products such as butyrate and other SCFAs, tryptophan,
bile acid metabolites and polyamines can modulate immune cell
function>**1*8_Certain factors that impact the composition of the
gut microbiome have been correlated with ICI colitis incidence or
severity. Recent abdominal surgery, which is known to disrupt the
gutmicrobiome'’, results in greater severity, need for hospitalization
andrecurrence of ICl colitis across cancer types™°. Anaerobic spectrum
antibiotics are associated with greater incidence and severity of ICI
colitis in patients®'*''52, Additionally, the use of PPIs can shift the gut
microbiome composition'**,and PPl use is linked with anincreased risk
of developingICI colitis™>"**. Moreover, the use of antibiotics>»*51515
or PPIs®*5758 during ICI therapy correlates with worsened patient sur-
vival outcomes. These data suggest caution in advancing the clinical
use of antibiotics and PPIs concurrently with ICls, as the precise effects
onthe microbiome and potential downstreamrole in ICI colitis remain
tobe determined. Mechanistic studies will be required to determineif
the deleterious effects of these drugs are microbiome mediated and
to inform strategies for safer use.

By contrast, a high-fibre diet, which is generally considered to
be anti-inflammatory via effects on the microbiome™’, is associated
withareduced risk of developing ICl colitis in patients with advanced
melanoma'. Correspondingly, consumption of high-fibre or Mediter-
ranean diets'® correlated with improved response to ICl and a lower
risk for developing irAEs in patients with melanoma*”'®, In addition,
dietary supplementation with vitamin D, which has been reported to
increase gut microbiome diversity'®® and abundance of Bifidobacterium
and Akkermansia, correlated with reduced incidence of ICI colitis in
patients withmelanoma'®*. Clinical trials and case reports across cancer
types using FMT to resolve ICI colitis also underscore the impact of
direct modification of the microbiome in driving or suppressing this
irAEs®+13571371657167 A notable example is the use of healthy donor FMT
to treat ICl colitis that is refractory to steroids or second-line biolog-
ics; this approach results in disease resolution in approximately 90%
of treated individuals®*1*"371651¢ Based on these findings and small
clinical trials using FMT8*35-137165-167 3 cyrrent phase I study from our
group is evaluating FMT efficacy as a frontline therapy before steroid
exposure or biologics for treating ICI colitis in multiple cancer types
(NCT04038619)“". At present, FMT as treatment for ICl colitis does not
have regulatory approval and is therefore limited to investigational
settings and major medical centres, yet its efficacy at present under-
scores the importance of further study of microbial therapeutics and
microbial-driven mechanisms in ICI colitis.

Studies of human or mouse samples link lower alpha diversity of
the gut microbiome withincreased predispositionto oractive presen-
tation of ICI colitis®"""'*°, Of note, Shang et al."” showed that the alpha
diversity of the gut microbiome is reduced within the first 10 days of ICI
colitis presentation compared with the alpha diversity of the microbi-
omeinICl-treated individuals who do not develop ICI colitis. These data
support the concept that aricher gut microbiome may be protective
inICl colitis. Moreover, the alpha diversity recovers with resolution of
ICIcolitis'’, which further suggests that shifts in microbiome diversity
may contribute to ICl colitis. Consistently, the resolution of ICI colitis by
FMT results inincreased alpha diversity post-FMT"> 71 Accordingly,
many bacterial taxa have been associated with the presence, absence,
severity or resolution of ICI colitis (Table 2). Here, we discuss evidence
thatsupportsdirectlinks between specific microbiome characteristics
or bacterial taxa and ICl colitis as judged by response to FMT (human)
or studies in preclinical models. Additional resources are available
that consider general microbiome features and correlative studies
with ICI colitis>**5"7°,

Gram-positive bacteria. Gram-positive bacteria in the gut include
Bacillota, one of the two dominant phyla, and Actinobacteria®*""’.
Within Actinobacteria, Bifidobacteria spp. have been used as probiot-
ics and are known to produce the SCFA acetate™*?*""!, FMT-mediated
resolution of treatment-refractory ICl colitis in patients was associated
with enrichment of Bifidobacteria in the gut microbiome*'”’, and
certain Bifidobacteria spp. (such as B. bifidum, B. longum, B. lactis or
B. breve) seemto have protective rolesin mitigating DSS-and anti-CTLA-
4-inducedIClcolitisinmice'**' (Table 2). Similar protective effects have
beenreported for members of the Bacillota phylum, including Lactoba-
cillispp. (suchasL. reuterior L. rhamnosum)'°”'*’ (Table 2), which have
alsobeenused as probiotics'’. Moreover, other Bacillotamembers such
as Lactobacilli, Clostridia and Faecalibacteria are major producers of
the SCFA butyrate, which promotes intestinalimmune tolerance™"*'"",
Colonization with Faecalibacterium prausnitziireduced ICl colitis and
improved tumour control in mice treated with DSS and combination
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Table 2 | Microbiota associated with ICI colitis in humans and mice

Genus

Species

ICI colitis association

References

Actinomycetota | Gram-positive

Bifidobacterium

NR

Enriched upon resolution of colitis

Wang et al.'”
Halsey et al."*®
Yan et al.'*®

Bifidobacterium

bifidum*, breve*, lactis*,

Colonization reduces colitis

Wang et al.'?

longum* Sun etal.*®
Collinsella NR Enriched upon resolution of colitis Halsey et al.”*®
Bacillota | Gram-positive (majority)
Agathobaculum butyriciproducens Enriched at baseline in patients who do not develop colitis Bjork et al.”’

Anaerotignum lactatifermentans Enriched at baseline in patients who do not develop colitis Andrews et al.*
Anaerotruncus NR Enriched in colitis Zhou et al.”!
Blautia NR Enriched upon resolution of colitis; reduced in colitis Chaput et al.”
Wang et al.””’

Clostridium Cluster IV Reduced in colitis Chaput et al.”
Clostridium UCF-014 NR Enriched upon resolution of colitis Gaoetal!®
Coprococcus NR Enriched upon resolution of colitis Halsey et al.'*®
Dorea formicigenerans, longicatena Enriched at baseline in patients who do not develop colitis Andrews et al.*

Shangetal."”

Eubacterium NR Enriched at baseline in patients who develop colitis Shang etal.””
Eubacterium rectale Enriched at baseline in patients who do not develop colitis Bjork et al.”
Faecalibacterium NR, saccharivorans Enriched at baseline in patients who do not develop colitis Bjork et al.”’

Shang etal."”

Faecalibacterium prausnitzii* Enriched at baseline in patients who do not develop colitis; reduced in early colitis; Bjork et al.”’
colonization reduces colitis Shang etal."”
Gao etal.”®
Faecalibacterium prausnitzii Enriched in colitis Chaput et al.”
Gemmiger formicilis Enriched at baseline in patients who develop colitis Chaput et al.”®
Intestinibacter bartlettii Enriched in colitis Andrews et al.*
Lachnospiraceae NR Enriched upon resolution of colitis; reduced in colitis; enriched at baseline in patients Zhou et al.*'
(family) who do not develop colitis Gao et al/%
Elkrief et al.'*®
Loetal.®
Chaputet al.”
Shangetal.””
Lactobacillus NR Reduced upon resolution of colitis Elkrief et al.”®®
Lactobacillus NR Enriched upon resolution of colitis Sunetal.®
Yan et al.'*®
Lactobacillus reuteri*, rhamnosum* Colonization reduces colitis Wang et al.””’
Sun etal.*®
Ligilactobacillus salivarius* Colonization reduces colitis Yan et al.*®
Oscillobacter NR Reduced in colitis Shang etal.””
Loetal.®
Pseudoflavonifractor NR Reduced in colitis Chaputetal.”
Roseburia NR, intestinalis, hominis, Enriched upon resolution of colitis; reduced in colitis; enriched at baseline in patients Gaoetal.”®
inulinivorans who do not develop colitis Lo et al/®
Shang etal.””
Bjork et al.”’
Ruminococcus NR Enriched upon resolution of colitis; reduced in colitis; enriched at baseline in patients Elkrief et al.”*®
who do not develop colitis Gaoetal!”®
Chaput et al.”
Streptococcus NR Enriched in colitis Elkrief et al.”®®
Tyzerella NR Reduced upon resolution of colitis Halsey et al.'*®
Veillonella NR Enriched in colitis Shang et al."”
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Table 2 (continued) | Microbiota associated with ICI colitis in humans and mice

Genus Species ICl colitis association References
Bacteroidota | Gram-negative

Alistipes NR Enriched in colitis Loetal.®
Alloprevotella NR Enriched in colitis Loetal.®
Bacteroides NR, cellulosilyticus, stercoris, Enriched at baseline in patients who do not develop colitis; reduced at baseline in Elkrief et al.”®®

thetaiotaomicron, uniformis,

patients who develop colitis

Shang etal.””

vulgatus Bjork et al.”’
Chaput et al.”
Bacteroides fragilis* Colonization reduces colitis Yan et al.%®
Bacteroides NR, uniformis Reduced upon resolution of colitis; enriched in colitis; reduced at baseline in patients Wang et al.””’
who develop colitis Zhou et al.®'
Chaput et al.”
Bacteroides intestinalis* Enriched in colitis; colonization induces inflammation Andrews et al.”
Odoribacter NR Enriched in colitis Loetal.®
Parabacteroides NR Enriched at baseline in patients who develop colitis Shang et al."”
Parabacteroides distasonis Reduced at baseline in patients who develop colitis Chaput et al.”
Rikenella RC9 NR Enriched in colitis Loetal!®
Pseudomonadota | Gram-negative
Cronobacter NR Enriched upon resolution of colitis Sunetal.®
Escherichia NR Enriched in colitis; reduced upon resolution of colitis Wang et al.””’
Elkrief et al."®®
Helicobacter NR Enriched in colitis Zhou et al.”’
Klebsiella NR Enriched in colitis Elkrief et al.'*®
Kosakonia NR Enriched upon resolution of colitis Sunetal.®
Parasutterella NR Enriched in colitis Zhou et al.”!

Verrucomicrobiota | Gram-negative

Akkermansia NR, muciniphila

Enriched upon resolution of colitis; reduced in colitis

Wang et al.””’
Zhou et al.”'
Shang etal."”

Akkermansia muciniphila Enriched in early colitis

Bjork et al.”

The table includes all bacterial taxa reported with genus level specificity or greater (unless otherwise noted) in studies in which bacteria were directly correlated with ICI colitis status in
humans and mice. Species with an asterisk have been directly tested for their effects in ICl colitis. NR, not reported.

anti-CTLA-4 and anti-PD1'®, However F. prausnitziihas been reported as
bothenriched and reduced in patients withICl colitis"*""; therefore, its
roleinICl colitis requires further study (Table 2). Furthermore, Blautia
spp.arereducedinactive ICl colitis, enriched after FMT-mediated reso-
lution of ICI colitis, and correlate with resistance to other irAEs™**",

suggesting their involvementin protective responses.

Gram-negative bacteria. Gram-negative phyla in the gut include
Bacteriodota, which represent a large percentage of the human gut
microbiome, along with Pseudomonadota and Verrucomicrobiota® .
Within Bacteriodota, Bacteroides are polysaccharide fermenters
that produce the SCFAs acetate and propionate®*”!, Multiple stud-
ies have investigated links between Bacteroides and ICI colitis inci-
dence or prevention, yet a general consensus on their roles remains
unclear>*7811081735137172 (Tabe 2). One exception, however, is B. intes-
tinalis, which has been shown to promoteICI colitis™. Escherichia and
other taxa within Pseudomonadota associate with incidence of ICI
colitis or have been found to be reduced upon FMT for treatment of

ICI colitis® >, suggesting potential roles for these taxa in driving
disease presentation and progression. The presence of Akkerman-
sia or Akkermansia muciniphila, amucus-degrading, Gram-negative
anaerobe in the phylum Verrucomicrobiota, is primarily associated
with the resolution of ICI colitis®""'*", Akkermansia can also improve
intestinal barrier functionin experimental colitis and promoteimmune
tolerance, indicating a possible mechanism of ICl colitis regulation'>'*,

Taken together, although many bacterial taxa have been associ-
ated with ICI colitis ****'7° (Table 2), strong and consistent links with
individual species across studies have not yet emerged. These differ-
ences may reflect the myriad variables that influence an individual’s
microbiome composition, including age, geographical location and
diet">””._ Furthermore, it remains to be determined whether ICl colitis
isdriven by the presence of deleterious microbes, absence of protective
microbes or both factors; by microbial production or consumption
of metabolites and nutrients; or by a combination of these and other
features. Overall, only ten species of bacteria, isolated from the gut
microbiota of humans, have been examined for a causal relationship
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with ICI colitis by intervention studies*9%10>106108137 (Taple 2). Impor-
tantly, mouse models of ICI colitis now enable examination of the role of
specifictaxainICl-mediated intestinal inflammation and anti-tumour
efficacy. This canbe accomplished through the use of cultivated bacte-
rial strains, consortia or microbial products; through characterization
of microbial genetics and shifts in gene expression (that is, alterations
of the microbiome function); through selective depletion or restora-
tion of specific bacterial taxa; or through manipulation of available
metabolites in the intestine. Overall, these approaches will help to
provide definitive insights into microbial-mediated mechanisms of
ICI colitisand, potentially, aid in decoupling toxicity from the tumour
response to ICI.

Roles of microbiotain otherirAEs

Barrier surfacessuch as the skinand lung epithelium also host resident
microbiomes, which have potential to influence irAE incidence and
severity in these tissues®7'7?, Support for this concept was illustrated
by studiesin mice treated with anti-CTLA-4, in which skin colonization
with the commensal Staphylococcus epidermisinduced inflammatory
T cell responses and dermatologic irAEs dependent on IL-17*. Clini-
cal observations of ICI pneumonitis across cancer types have shown
varied abundance of microbial taxa in bronchoalveolar lavage fluid
bothbetweenindividual patients with ICI pneumonitis and relative to
patients that did not develop anirAE**'®°, However, these initial studies
are limited in scope, and further work is needed to identify whether
the lung microbiome contributes to ICI pneumonitis. Additionally,
emerging evidence suggests that organs without robust resident micro-
biomes, such as the heart, may beimpacted by the gut microbiota''. For
instance, studies in mice that developed ICI myocarditis upon anti-PD1
treatment showed that microbiome depletion by broad spectrum anti-
bioticsled toreduced T, cellsin the cardiac tissue and reduced serum
IL-10, suggesting the gut microbiome may modulate local and systemic
inflammation'®’. Moreover, amouse model of PD1 inhibitor-induced
myocarditis revealed that FMT can improve cardiac functionin a
manner dependent on the bacterial metabolite indole-3-proprionic
acid®. This result offers a potential microbial-metabolite therapy to
mitigate ICI myocarditis, a highly lethal irAE, and provides evidence
that microbiome-based modulations can impact non-barrier organ
irAEs. Further investigation of the effects of the gut and local tissue
microbiomes on irAEs beyond ICI colitis is needed to understand the
associative or causal functions of these microbiota.

ICI colitis treatments

Immune-modulating drugs

Before initiating treatment for ICI colitis, clinicians need to exclude
alternate causes of gastrointestinal symptoms, such as diarrhoea and
abdominal pain. These include infection with bacterial or viral gastro-
intestinal pathogens, such as Clostridioides difficile, Escherichia colior
Cytomegalovirus, which are known to cause colitis™*®*, Following this,
grade I ICI colitis symptoms can be managed initially with electrolyte
correction, diet modification and antidiarrheal medications. Manage-
mentofgradell-IVICI colitis begins with withholding ICI treatment’ %,
Mild IClI colitis (grade Il) may improve after stopping ICl and can be fur-
ther treated with mesalamine, an oral 5-aminosalicylicacid agent used
forIBD'®. If there is no response to these interventions, as judged by con-
tinued abdominal pain and increased frequency of bowel movements,
oral corticosteroid treatment may be used’'**%3, Moderate to severe ICI
colitis (grades IlI-1V) often requires intravenous corticosteroid use and
may necessitate permanent cessation of ICI therapy’'%%*”®, Advanced

therapies for IBD are also used for patients with grade lI-1VICl colitis if
their diseaseis refractory to corticosteroids’*¢>*>7*18% Qverall, approxi-
mately 12-15% of patients with ICI colitis (any grade) are refractory to
steroid treatment, in which case advanced therapies are indicated”®**,
Itshould be noted that there are no currently FDA-approved therapies
specifically indicated for ICI colitis.

Advanced or second-line therapies for patients with steroid-
refractory ICI colitis include inhibitors of TNF (such as infliximab)
or a4f7 integrin (such as vedolizumab)'®'¥, These agents suppress
systemic inflammatory responses or gastrointestinal-specific

Glossary

Alpha diversity

The diversity of microbial species
within a single individual or sample,
quantifying both the richness

(the number of distinct microbes
present) and the evenness

(the diistribution frequency of
distinct microbes).

Dermatologic irAEs

Immmune checkpoint inhibitor (ICI)-
induced inflammation of the skin,
including atopic dermatitis, eczema,
alopecia, pruritus, rash and skin
ulceration.

Faecal microbiota
transplantation

(FMT). A procedure by which the stool
of one individual is transferred to
another.

ICI colitis

Inflammation of the large

intestine, or in some cases small
bowel, which encompasses symptoms
such as abdominal pain, diarrhoea,
enterocolitis, colonic ulcer and

colonic perforation.

ICl encephalitis

Inflammation of the brain,

which can be extralimbic
encephalitis or meningoencephalitis
and often involves pleocytosis

in the cerebrospinal fluid.

ICI myocarditis

Inflammation of the heart

muscle, that is, myocardium,

which caninvolve dyspnea,

chest pain, syncope, electrocardiograph
irregularities and elevation of

cardiac biomarkers.

ICI myositis-neuropathy
Inflammation of skeletal muscle
accompanied by damage to the
peripheral nervous system.

ICl pneumonitis

Inflammation of the lung, especially
the parenchyma, which can involve
dyspnea, hypoxemia, cough,
pneumonia and interstitial pneumonitis.

Inflammatory bowel disease
(IBD). Chronic disease, including
Crohn's disease and ulcerative colitis,
characterized by inflammation of the
gastrointestinal tract.

Lymphoplasmacytosis
Anincrease in the number of
lymphocytes and plasma cells in tissue.

Mediterranean diet

A diet mimicking traditional cuisine
from the Mediterranean region, which

is typically high in fruits, vegetables,
whole grains, fish, legumes, and fats
from olive oil, seeds and nuts, moderate
in alcohol and low in dairy and red meat.

Myelopoiesis

The generation of myeloid cells from
hematopoietic stem cells in the bone
marrow.

Specific pathogen-free

(SPF). A housing condition for laboratory
mice that demonstrates absence of certain
pathogenic species, including viruses,
bacteria, mycoplasma, parasites and
opportunistic organisms, by routine testing.

Vitiligo
Depigmentation of skin caused by
destruction of melanocytes.
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Fig.2|Mechanisms of action for current therapies used to treat ICI colitis.

a, Gut homing lymphocytes express integrin o437, whichbinds MAdCAM-10n
the surface of mucosal endothelial cells, allowing lymphocyte extravasation into
intestinal tissue’®”. This process can be blocked with vedolizumab, an antibody
targeting integrin a4B7°°2. b, Infliximab, which binds to soluble tumour necrosis
factor (TNF), prevents its binding to TNF receptor 1 (TNFR1) and TNFR2, thereby
suppressing receptor signalling and pro-inflammatory gene activation by nuclear
factor-kB (NF-kB)*®. Additionally, by binding membrane-bound TNF, infliximab
can induce antibody-mediated cytotoxicity®®. ¢, Ustekinumab, an antibody
targeting the p40 subunit of interleukin-12 (IL-12) and IL-23, prevents cytokine
receptor binding to the IL-12 receptor (IL-12R) and IL-23R and subsequent
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differentiation to T helper1(T,1) and T,17 cells, respectively®*. d, Tocilizumab,
an antibody that recognizes the membrane-bound and soluble IL-6R, prevents
IL-6 binding and dimerization of the IL-6R with the signalling subunit gp130,
restraining activation of pro-inflammatory genes®”. e, Small molecular
inhibitors of Janus activating kinases (JAKs), tofacitinib and upadacitinib,
function by inhibiting kinase activity, thereby preventing phosphorylation of
signal transducer and activator of transcription (STAT) proteins. This prevents
subsequent STAT nuclear accumulation and pro-inflammatory gene activation,
Tofacitinib is anon-selective JAK inhibitor, whereas upadacitinib specifically
inhibits JAK1?°, RTK, receptor tyrosine kinase.

mechanisms, respectively (Fig. 2), with high efficacy (85-89%) dem-
onstrated among large human cohort studies’”. Additional immune-
modulating drugs have been tested in individuals with ICI colitis that
isrefractory to second-line treatment. Case reports that detail use of
antibodies targeting IL-23 (such as ustekinumab) suggest favourable
responses among individuals with disease that is refractory to inflixi-
mab or vedolizumab'®* ", Moreover, IL-6 blockade has been examined
inan early clinical trial with promising results'®?, consistent with the effi-
cacy of IL-6 blockade in preclinical irAE models®*'*", Both IL-6 and IL-23
canmediate pro-inflammatory responses, which may contribute to the
beneficial effect of their inhibition in ICI colitis. In addition, targeting
cytokinesignalling to suppress Ty, cell reactivation withanon-selective

Januskinase (JAK) inhibitor (tofacitinib) was useful for the treatment of
ICIcolitis in asmall cohort of patients®*1°"1>% Selective JAK inhibitors
(namely upadacitinib, which targets JAK1) have also been used in refrac-
tory cases of ICI colitis to induce clinical remission'”. These targeted
inhibitors may provide more specificity in suppressing deleterious
inflammatory responses while preserving tumour immunity compared
withnon-selective JAK inhibitors; however, further studies are needed
to examine theimmune effects of selective and non-selective JAK inhibi-
tors in ICI colitis and tumour response to treatment. Although many
therapies for ICI colitis show promising results, concerns have been
raised about their potential effects on anti-tumour immunity and ICI
efficacy because these therapies are designed to inhibit inflammation.
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Nonetheless, insights into their long-term safety, efficacy and effects
on tumour control are limited by the recent advancement in their use
and the small cohorts of patients treated thus far'?*'”’,

Microbiota-based therapeutics

As discussed earlier, FMT with healthy donor material has been
used to treat ICI colitis (grades II-1V) in patients who are refractory
to intravenous corticosteroids and advanced therapies, yet the pre-
cise mechanisms by which FMT resolves ICI colitis are still being
explored®**"3716571¢ We noted shifts in faecal bacterial abundance
in our study of 12 patients with treatment-refractory ICI colitis, with
complete responses to FMT accompanied by substantial increases in
Collinsella and Bifidobacterium spp., an augmented alpha diversity
and fewer cytotoxic T cells in colon biopsies™®. However, it is unclear
whether alterations in specific species or functional traits of the micro-
biome, including metabolic products, mediate resolution of ICI colitis
with FMT. Although multiple other case series have demonstrated the
efficacy of FMT in the refractory setting for ICI colitis, some patients
required multiple FMTs to achieve clinical symptom improvement
after aninitial loss of response’>'*, suggesting that additional factors
such as durability of the transferred microbiome may contribute to
mitigating ICI colitis symptoms. In addition to gaps in mechanistic
understanding, several limitations exist related to the clinical use of
FMT for ICl colitis. For instance, the small number of treated individu-
als thus far has not yet allowed for rigorous assessment of FMT safety.
In addition, the gut microbiome has key roles in mediating tumour
response to ICI***¢, yet whether FMT use for ICI colitis impacts tumour
control remains to be understood.

Alternate microbiome modulationapproachesincluding transfer
of specific bacterial consortia, or the use of prebiotics or probiotics,
have not yet been examined rigorously for their effects on ICl colitis to
our knowledge. However, existing data would warrant caution in the
use of probiotics as these have been associated with reduced tumour
control by ICItreatment*’. Nonetheless, targeted microbiome interven-
tions may provide promising avenues for overcoming the logistical
challenges of FMT. For instance, cultured bacterial strains and consor-
tia can be extensively characterized and administered in consistent,
controlled doses. Importantly, the availability of mouse models of ICI
colitisnow enables research onthe effects of specific bacterial strains,
consortia or microbiome by-products and metabolites on intestinal
toxicity and concurrent tumour response to ICI.

Conclusions and perspectives

The impact of the microbiome in irAEs is an emerging field with ther-
apeutic opportunity. Although current studies have shed light into
the mechanisms that may drive development and progression of ICI
colitis, further work is needed to more clearly identify both host and
microbiome-related factors involved in this disease. Many reports
have provided descriptive or associative information that supports
roles for variation in the gut microbiome composition in ICI colitis.
Although these studies have helped to identify potential bacterial taxa
and their putative functions linked with disease, future work should
encompass approaches to establish cause-and-effect mechanisms.
This caninclude use of single strains or defined consortia of bacte-
ria, yet future studies should also consider how delivery of individual
strains or consortia may affect or be affected by other members of
the microbiota, as well as their contribution to the overall community
function. Together, consideration of these issues will help to guide a
better understanding of the role of the microbiome in ICI colitis and

may point to additional opportunities, beyond FMT, for interventions
using products that encompass live bacterial species or their functional
products. Moreover, continued exploration of microbial genetics,
microbial metabolites, and the effects of diet, existing prescriptions,
and over-the-counter drug use'”® may indicate factors to avoid or new
options to treat ICI colitis. The use of the currently available preclini-
cal models will be instrumental in testing potential mechanisms and
microbial-based interventions. Inaddition, the precise immune mecha-
nisms of ICI colitis remain poorly defined. Preclinical models will help
to shed light on spatiotemporal aspects of ICI colitis such as cross-
talk between host cells and the microbiota during the development,
progression and resolution of disease.

At present, many studies group irAEs together, which may mask
insightsinto irAE-driving mechanisms. Thus, itis critical to have more
focused and thorough studies centred on specificirAEs, includingICI
colitis. Additionally, otherimmunotherapies, such as chimeric antigen
receptor (CAR) T cell therapy, can cause off-target tissue toxicities.
Recent evidence indicates that the gut microbiome is linked to both
CART cell efficacy and toxicity, similar toits role in ICI treatment'**°°,
Although toxicity with CAR T cell therapy is most frequently associ-
ated with cytokine release syndrome or neurotoxicity, the means by
which the gut microbiome modulates host immunity to drive these
adverse reactions may be shared with ICI-related irAEs*®". Comparison
of microbial changes, and their functional effects on the microbiome
and hostimmune system, between distinctimmunotherapy toxicities
may help to decipher shared mechanisms.

At present, the precise roles for the microbiome ininitiating and
sustaining irAEs, as well as tumour response to ICI treatment, remain
unresolved. Future research must focus on the mechanisms by which
specific microbial species or their metabolites regulate favourable and
deleterious hostimmune responses. Elucidating the factors that drive
irAEs, as well as favourable tumour control by ICI therapy, will enable
the development of tailored and effective irAE interventions, patient
stratification for ICI treatment and risk management — ultimately
advancing safer and more effective immunotherapy and improved
patient quality of life and outcomes.
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