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Abstract

Immunotherapy has dramatically revolutionized the therapeutic landscape for patients
with cancer. Although immune checkpoint inhibitors are now accepted as effective
anticancer therapies, they introduce a novel class of toxicity, termed immune-related
adverse events, which can lead to the temporary or permanent discontinuation of
immunotherapy and life-threatening tumor progression. Therefore, the effective pre-
vention and treatment of immune-related adverse events is a clinical imperative to
maximize the utility of immunotherapies. Immune-related adverse events are related
to the intestinal microbiota, baseline gut microbiota composition is an important
determinant of immune checkpoint inhibitor-related colitis, and antibiotics exacerbate
these undesirable side-effects. Supplementation with specific probiotics reduces
immune checkpoint inhibitor-related colitis in mice, and fecal microbiota transplanta-
tion has now been shown to effectively treat refractory immune checkpoint inhibitor-
related colitis in the clinic. Hence, modifying the microbiota holds great promise for
preventing and treating immune-related adverse events. Microbiomes and their
metabolites play important roles in the potential underlying mechanisms through
interactions with both innate and adaptive immune cells. Here we review the gut
microbiota and immune regulation; the changes occurring in the microbiota during
immune checkpoint inhibitor therapy; the relationship between the microbiota and
immune-related adverse events, antibiotics, probiotics/prebiotics, and fecal microbiota
transplantation in immune checkpoint inhibitor-related colitis; and the protective
mechanisms mediated by the microbiome and metabolites in immune-related adverse
events.

KEYWORDS
fecal microbiota transplantation, immune checkpoint inhibitors, immune-related adverse events, intestinal
microbiota, probiotics

INTRODUCTION

Immunotherapy, especially when combined with other ther-

apies, continues to revolutionize anticancer therapy and
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improve outcomes for cancer patients. Immune checkpoint
inhibitors (ICIs) are now widely used in cancer management
and include antiprogrammed cell death protein-1 (PD-1) or
antiprogrammed cell death ligand 1 (PD-L1) inhibitors and
cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) inhib-
itors, mainly as monoclonal antibody therapies. ICIs are now
being used to treat many different types of cancer, especially
melanoma and non-small cell lung cancer (NSCLC).!

Although efficacious, ICIs also introduce a novel class of
toxicity termed immune-related adverse events (irAEs). IrAEs
occur due to overactivation of the immune system against both
tumor and self antigens, resulting in autoimmune phenomena
and consequent damage to normal tissues or organs.” IrAEs
range from self-limiting (e.g, rash) to life-threatening
(e.g, myocarditis, pneumonitis) and frequently preclude the
continuation of ICIs in patients who are otherwise experienc-
ing clinical responses. Furthermore, patients experiencing
irAEs in fact demonstrate better progression-free survival
(PFS), overall survival (OS), and overall response rates (ORR)
compared with those not experiencing toxicity.” Specifically,
any grade (severity) of gastrointestinal irAE is associated with
an improved OS and PFS.* However, severe irAEs lead to the
temporary or permanent discontinuation of immunotherapy,
resulting in life-threatening tumor progression. Therefore, the
effective prevention and treatment of irAEs are essential to
ensure the continuing success of immunotherapy.

The efficacy of immunotherapy is mediated by ICI-elicited
immune responses. In 2018, three ground-breaking studies
indicated that ICI efficacy is related to the intestinal microbiota.
These studies showed that, at baseline, responders have higher
baseline a-diversity (species richness in the gut microbiome
within a single sample) and relative abundance of Ruminococ-
caceae family members than non-responders. ICI treatment has
been shown to be more effective in germ-free mice treated by
fecal microbiota transplantation (FMT) from ICI responders
than those treated with FMT from ICI nonresponders.”® Fur-
thermore, microbiota-based interventions (e.g., supplementa-
tion with Akkermansia muciniphila) reversed ICI resistance or
restored ICI efficacy in mice initially failing to respond to
FMT.” Recently, two clinical FMT studies demonstrated that
allogeneic FMT from responders reversed primary anti-PD-1
resistance in 6/15 and 3/10 melanoma patients.>* These results
are promising, and modifications to the diverse baseline gut
microbiota is likely to impact ICI efficacy through complex
interactions between host immunity, diet, probiotics, prebiotics,
postbiotics, and/or FMT."

However, IrAEs are the “dark” side of the immune
response stimulated by ICIs. As with ICI responses, there is
mounting evidence that irAEs are similarly associated with
the intestinal microbiota. Therefore, microbiota-based inter-
ventions may be promising not only to improve ICI efficacy
but also for the prevention and treatment of irAEs, thereby
ensuring the optimal and maximal use of immunotherapy
and significantly improving outcomes for cancer patients.
Here,we review the role of the gut microbiota in immune
regulation, alterations occurring in the microbiota during
ICI therapy, the relationship between the microbiota and

irAEs, antibiotics, probiotics/prebiotics, and FMT in ICI-
related colitis, and the putative protective mechanisms
exerted by the microbiome and metabolites in irAEs.

THE GUT MICROBIOTA AND IMMUNE
REGULATION

Thousands of microbial species live in the human gastrointesti-
nal tract, mainly from the Bacteroidetes and Firmicutes phyla,
which form a gut microbiota that plays crucial roles in numer-
ous host functions.'’ The interactions between the gut micro-
biota and host cells not only allow for nutrient metabolism and
antigen tolerance but also regulate innate and adaptive immu-
nity both locally and systemically, contributing to immune
homeostasis and thus a healthy host.'*”'* Briefly, pathogen-
associated molecular patterns (PAMPs) on/in bacteria or
bacterial metabolites (e.g., short-chain fatty acids; SCFAs) are
transported by M cells for subsequent recognition by toll-like
receptors (TLRs) on dendritic cells in the lamina propria of the
gut mucosa, facilitating the dendritic cell maturation. Mature
dendritic cells migrate to mesenteric lymph nodes, where they
initiate adaptive immune responses by stimulating naive T cell
differentiation into CD4" T cells, specifically CD4" T regula-
tory cells (Tregs) and T helper 17 (Th17) cells, and B cell mat-
uration into plasma cells."> The Treg/Th17 axis balances host
immunity: Th17 cells produce interleukin (IL)-17, which stim-
ulates the release of other inflammatory cytokines and recruits
neutrophils from the bloodstream into the gut, while Treg cells
produce IL-10, which functions as an immunosuppressive
cytokine. Moreover, plasma cells produce IgA to block bacterial
adherence to intestinal epithelial cells. The crosstalk between
diverse gut microbiomes and host immune systems prevents
bacterial invasion and infection and modulates tumor growth
(Figure 1a).

CHANGES IN THE GUT MICROBIOTA
DURING ICI THERAPY

ICIs lack efficacy without an intact intestinal microbiota, at
least experimentally. Antibiotic-treated or germ-free tumor-
bearing mice do not respond to anti-CTLA-4 antibody ther-
apy. Furthermore, ICI treatment may alter the intestinal
microbiota. In 2,4,6-trinitrobenzene sulfonic acid (TNBS)-
treated mice, a classic inflammatory bowel disease (IBD)
model, anti-PD-1 therapy improved the o-diversity and
restored the B-diversity of the intestinal microbiota. It also
significantly enriched for SCFA-producing Firmicutes and
Bacteroidetes bacteria but depopulated Proteobacteria.'® In
clinical studies, there is still uncertainty about if and how
the intestinal microbiota changes after ICI therapy. Vetizou
et al. found that only a single injection of anti-CTLA-4
induced rapid underrepresentation of both Bacteroides and
Burkholderiales and a relative increase in Clostridiales in
fecal samples. Additionally, the relative abundance of Bac-
teroides thetaiotaomicron and Bacteroides fragilis increased



TAN ET AL

a Alternation of microbiota after ICIs

Mice model

Alpha and beta diversity T
Firmicutes and Bacteroidetes T
Proteobacteria

Clnical study

Clostridiales
Bacteroides and Burkholderiales
Bacteroides thetaiotaomicron and
Bacteroides fragilis L

b Gut microbiota and irAE occurrence

C Antibiotics, probiotics/prebiotics and FMT in ICIs-related colitis

Antibiotics

Clninical study
Alpha diversity not altered
Bacteroides and Firmicutes phyla stable

Lacking convergence/consistency /

ﬂ}a

Mice model

Vancomycin-»Gram-positive bacteria | —ICls-related colitis T

Clinical study

Antibiotics— ICIs re‘aled colms |nc|dence/recurrence rate | severity T
Post-ICls ing

therapy T hospitalization T

Post-ICls anaerobic antibiotics—ICls- related colitis severity T

i ive therapy T TICU

Probiotics/Prebiotics

e, p
B { " &=
S a%ﬂ»—":‘.‘«- Baseline i Ici — D
WS
S 2=
1 =) FE) £ -
L) o
— & — <1y —
89 S =
oS s -
. 3 h o) Diversity | \
1 Bacteroides phylum |
A Bacteroidetes uniformis Bacteroidaceae  Bacteroides
Bacteroidetes vulgarus Rikenellaceae Parabacteroides Préyotella
2
Tumor cells Firmicutes ph_ylum ] Pseudomnnaﬁata phylum T

Cancer patient

FIGURE 1

Gemmiger formicilis
Roseburia inulinivorans
Phascolarcto
Protepbacteria phylum t
Veillonella T
Desulfocibrio 4

Actinobacteria phylum |
Bifidobacterium

Mice model
Probiotics
Bifidobacterium-regulating Treg—ICls-related colitis ! »without affecting the
anti-tumor effect of ICls
L illus aTreg

function T in regional immune h
Lactobacillus reuteri—ILC3 T -ICls-related colitis L »without affecting the anti-
tumor effect of ICls

longumor L

GG-impared anti-tumor
response
Prehlotlcs

lonic Treg p
High dletary ﬁber—»progresslon -free survival t

Fecal microbiota transplantation

Clinical cases
Healthy donors—»FMT-srefractory ICls-related colitis patients
Bifidobacterium? Akkermansia

‘ Treg T »CD8* T cell L »ICls-related colitis

Mechanisms of gut microbiota and immune-related adverse events. (a) Gut microbiota and immune regulation. (b) Classic immune

hypotheses about irAE pathogenesis. (c) The protective mechanism of the gut microbiome in irAEs. (d) The protective mechanisms of gut microbiota

metabolites in irAEs. DCs, dendritic cells; Foxp3, forkhead box P3; ICIs, immune checkpoint inhibitors; IFN-y, interferon-y; IgA, immunoglobulin A;IL,
interleukin; irAE, immune-related adverse events; NF-kB, nuclear factor-kB; PAMPs, pathogen-associated molecular patterns; PSA, polysaccharide A; sCD,
soluble CD; SCFAs, short-chain fatty acids; TGF-f, transforming growth factor-f; Th, T helper; TLRs, toll-like receptors; TNF-a, tumor necrosis factor-o;

Treg, T regulatory cell.

a Gut microbiota and immune regulation

Firmicutes i hilum

PAMP

C Thepi of gut mi rAEs
Baseline > ICls-related colitis
L . .0 IL-6,IL-8,5CD-25 occurence

Naive T cell .
S fagteroidetes phylum ° Pre-clinical study =1, iurm-driven cluster vs. ides-driven cluster
\ - Cog+ Zgell s Treg ! ¢14+|37+CD4+ 1 ad+B7+CD8+ L
) -
matu 2
oy | S
DCs DCs B el inflammatory cytokins release
recruit neutrophils from blood to gut _ siidob
; ifidobacteriun:
I';An‘:;i"r"i'd"; \ 110 = Depending on Treg cells
| immunosuppressive cytokines -y Metabolic function of mitochondria |
IL-10 mediated inhibitory functions of Tregs | ICls-related colitis
alleviate
. Mice experiment ! <
Y o i« - Lactobacillus rhamnosum
— @@—= -

& 19— <10 - IL-16.4 colony stimulating factor 3 4 chemokines &

IgA+ | IgA -y

Bcell IgA+ Block bacterial adherence to epithelial

plasma cell
b classic immune about irAE d The p of gut inirAEs
Nevoussstemtoccty () T cell attack (b) B cell and antibodies
——— ocuar oy et
¥ Endocrinetoicty g " Health tissue cell f\/\ :nlud_e acet,\i‘?:acéd/butylic acid/propionic acid etc.
) ), Y ) . — - nactivate NF-kB,
9 — / v inhibit TNF-a production
Tumor Treg cells number T Foxp3 expression T
ik (T @ antigen Tl Baﬁﬁ'v'_.ff::{ Plasma cell , i s against self-antigen # - SCFAs 4 Bt
. uscorkeletai ety
Tumor cell (d) Innate immunity involvement Include spermine/spermidine
Sperimine:
(c) Imbalance of cytokines 2 inhibit pro-i activation
noeffect on TGF-B and IL 10 production
e 0 Gut microbiota
metabolites
irAE patient lammatory cytokines Include PSA etc.

IL|0 TGF-B

Pro-inflammatory cytokines
1L, IL-6, IFN-y

9 . itrophil
Lymphome  Eosinophil Ne Neuuup?nl

Microbial
components

PSA secreted by Bacteroides fragils
Recognized by TLRs on dendritic cells
Activate CD4+ T cells and CD25+Foxp3+Treg to release IL-10

FIGURE 2 An overview of the gut microbiota and immune-related adverse events. (a) Changes in the microbiota after ICIs. (b) Gut microbiota and
irAE occurrence. (c) Antibiotics, probiotics/prebiotics, and FMT in ICI-related colitis. CTLA-4, cytotoxic T lymphocyte-associated antigen; FMT, fecal

microbiota transplantation; ICIs, immune checkpoint inhibitors; ICU, intensive care unit; ILC3, group 3 innate lymphoid cell; irAE, immune-related adverse
event; PD-1, programmed cell death-1; SCFAs, short-chain fatty acids; Treg, T regulatory cell

in the small intestine mucosa, but there was no increase in
Bacteroides fragilis in the colonic mucosa.'”
et al. demonstrated relatively stable microbiota composition
after anti-CTLA-4 treatment, except in the case of ICI-related
The a-diversity was not altered, and the main

colitis.

However, Chaput

Firmicutes and Bacteroidetes phyla remained stable. While the
genera proportions differed at different time points, these
changes were not significantly different.'®
size was very small and further, large scale studies that account
for confounders are now required for validation (Figure 2a).

WILEYL**

However, the sample
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(Continued)

TABLE 1

Microbiota analysis

method

Potential mechanism

Significant outcome

irAE organ affected

Disease Intervention

Species

Reference

NA

Enrichment of Bifidobacterium of

13 patients Lung cancer Anti-PD-1/PD-L1  Rash/colitis/myositis/ 16 s IRNA

Chau et al.?°

Actinobacteria phylum and

pneumonitis/

Desulfovibrio of Proteobacteria

thrombocytopenia

phylum were significantly associated
with lower incidence and grade of

irAEs.

Pathways associated with molecular

Decreased abundance of Bacteroides

16 s rRNA

Colitis

ICIs

18 patients Lung/stomach/

SaKai et al.>®

transport systems, including
fatty acids, were enriched in

species and enriched Enterobacteria
in inflamed regions of irAE colitis.

kidney/ovary

cancer

irAE colitis.

NA

Enriched for Lachnospiraceae spp. and

16 s rRNA

Pneumonitis/colitis/

Anti-PD-1

Melanoma

McCulloch et al*® 57 patients

Streptococcus spp.

hepatitis/

nephritis/arthritis/
throid/adrenal/
dermatologic/
neurologic

Abbreviations: CTLA-4, cytotoxic T lymphocyte antigen-4; ICIs, immune checkpoint inhibitors; irAEs, immune-related adverse events; NA, not applicable; OTUs, operational taxonomic units; PD-1, programmed cell death-1; gPCR,

quantitative polymerase chain reaction; TNBS, 2,4,6-trinitrobenzene sulfonic acid.

THE GUT MICROBIOTA AND IRAE
OCCURRENCE

IrAEs can affect different organs, and in general Firmicutes
are associated with a higher incidence of irAEs and Bacteroi-
detes, Bifidobacterium of the Actinobacteria phylum, and
Desulfovibrio of the Proteobacteria phylum are associated
with a lower incidence.'”*° Intuitively, gastrointestinal irAEs
might be expected to be related to the intestinal microbiota.
Indeed, ICI-related colitis does not occur in germ-free mice
because its onset relies on the gut microbiota.'” In humans,
the baseline gut microbiota composition is an important
determinant of whether ICI-related adverse events occur.
Patients who develop ICI-related colitis have associated
decreased diversity and a shift in gut microbiota composi-
tion. More specifically, they have a relative high abundance
of Firmicutes (e.g., Faecalibacterium prausnitzii, Gemmiger
formicilis, Roseburia inulinivorans, butyrate-producing bac-
teria), while those without colitis have a high abundance of
Bacteroidetes (e.g., Bacteroidetes uniformis, Bacteroidetes vul-
gatus, and Parabacteroides distasonis).">*' Dubin et al. ana-
lyzed baseline microbiota from 34 metastatic melanoma
patients prior to ipilimumab treatment, and conclusively
established that patients who did not develop ICI-related coli-
tis also had a higher abundance of Bacteroidetes, including
Bacteroidaceae, Rikenellaceae, and Barnesiellaceae. Andrews
et al. found that a more varied peripheral T cell repertoire
was associated with a higher risk of developing irAEs.”” Bac-
teroides intestinalis were significantly enriched in baseline gut
microbiomes and the peripheral T cell repertoire was more
diverse in melanoma patients who developed grade 3-5
irAEs, which was shown to be related to the upregulation of
mucosal IL-1 in murine models.”* Furthermore, deficiencies
in polyamine transport and B vitamin biosynthesis pathways
were associated with a risk of colitis*"** (Table 1).

It is particularly worth mentioning a Chinese clinical
study that explored the baseline microbiota of 26 advanced
NSCLC patients receiving anti-PD-1 treatment. Eight of
these patients experiencing diarrhea had low microbiota
diversity and species abundance compared with the non-
diarrhea patients. It was a pity that the difference did not
achieve statistical significance, probably due to the limited
number of patients. However, there was a significant dif-
ference in microbiota composition, with a higher abun-
dance of Bacteroidetes and lower abundance of Firmicutes
in non-diarrhea patients. Bacteroides (Parabacteroides
belonging to the Bacteroidetes phylum) and Phascolarcto-
bacterium of Firmicutes were more abundant, whereas
Veillonella of the Proteobacteria phylum was sparse.”*
Moreover, the decreased abundance of Bacteroides species
and fatty acid pathways were observed not only in
inflamed regions but also the non-inflamed regions of
irAE colitis, where immune cells are reconstituted.”> The
latest meta-analysis showed two taxonomic groups with
opposing effects on anti-PD-1 response, and enrichment
with either Lachnospiraceae spp. or Streptococcus spp. was
associated with irAEs®® (Table 1, Figure 2b).
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Thus, it may be possible to predict the risk of irAEs
based on the baseline intestinal microbiota composition.
Furthermore, supplementation with probiotics and FMT
appear to alleviate or reduce the risk of irAEs without affect-
ing current therapeutic efficacy.

ANTIBIOTICS, PROBIOTICS/PREBIOTICS,
AND FMT IN ICI-RELATED COLITIS

Antibiotics

In real world clinical practice, up to 68.9% patients with
cancer, including melanoma, solid tumors, and hemato-
logical tumors, receive antibiotic treatment before or after
ICI therapy. Antibiotics targeting anaerobic bacteria were
prescribed in 51% of cases.”” Antibiotics are likely to
change the intestinal microbiota composition, so how
they affect ICI-related colitis is a further interesting ques-
tion. In mouse experiments, oral administration of vanco-
mycin, a broad-spectrum antibiotic with activity against
Gram-positive bacteria, significantly aggravated ICI-
related colitis.”®* In clinical studies, antibiotics given
before ICIs do not seem to influence the baseline dominant
microbiota, potentially predictive operational taxonomic
units (OTUs), or bacterial taxons, although prescription of
antibiotics may alter microbiota composition.'® Prescribing
antibiotics after ICIs was associated with a higher rate of
ICI-related diarrhea/colitis accompanied by an increased
risk of requiring immunosuppressive therapy and hospital-
ization compared with patients given antibiotics either
before ICIs or both before and after ICIs. In particular,
patients given antibiotics with activity against anaerobes
after anti-PD-1 or anti-CTLA-4 treatment may experience
severe ICI-related diarrhea/colitis with a requirement for
immunosuppressive therapy, hospitalization, and intensive
care unit admission. After the onset of ICI-related diar-
rhea/colitis, patients who received prophylactic antibiotics
also had severe diarrhea/colitis requiring immunosuppres-
sive therapy, intravenous glucocorticoids, and infliximab/
vedolizumab and a high risk of hospitalization, longer
hospital duration, and higher rate of recurrence. Thus,
after the onset of ICI-related diarrhea/colitis, antibiotics
(especially those targeting anaerobic microbiomes) appear
to be an adverse risk factor for irAEs and, overall, prescribing
antibiotics (especially those targeting anaerobic microbiomes)
risks ICI-related diarrhea/colitis.”” Certain anaerobes (e.g.,
Akkermansia muciniphila) may attenuate colitis.” There-
fore, the unfavorable gut microbiota changes driven by
the application of antibiotics targeting anaerobes may
significantly affect the host immune system, facilitating
immune dysregulation and ICI-related diarrhea/colitis.**’
Adding further complexity, a recent study showed that base-
line coadministration of antibiotics, glucocorticoids, proton
pump inhibitors, and nonsteroidal anti-inflammatory drugs
(NSAIDs) was associated with a decreased occurrence of
irAEs™ (Table 2, Figure 2c).

Probiotics/prebiotics

Probiotics are living microorganisms that provide health
benefits when consumed. Probiotics may contain a variety
of bacteria, such as well-known Lactobacillus and
Bifidobacterium. With respect to irAEs, supplementing
diets with specific probiotics has been shown to effec-
tively reduce the risk of ICI-related colitis in mice. Wang
et al. first established the anti-CTLA-4 colitis mouse
model, and, in this model, the colitis is aggravated after
oral administration of vancomycin and the Gram-positive
component of the microbiota appears to have a mitigating
effect. Indeed, supplementation with the widely used Gram-
positive probiotic Bifidobacterium significantly reduced colitis
in this model without affecting the antitumor effect of ICIs.
The protective effect of Bifidobacterium was abrogated in
Treg-knockout mice, suggesting that the protective role of
Bifidobacteria on ICI-related colitis depended on Tregs. Thus,
modulating the abundance of specific gut microbiomes and
the presence of Tregs may maximize the efficacy of immuno-
therapy and minimize the risk of irAEs. If applied to humans,
this strategy to regulate the intestinal microbiota could be
used to prevent and treat irAEs without diminishing the anti-
cancer responses of ICIs.*® Interestingly, a follow-up study
demonstrated that Bifidobacterium altered the composition of
the gut microbiota by increasing the abundance of probiotic
Lactobacillus and Treg cells. Both the metabolic and immune-
inhibitory functions of Tregs in the gut were intensified by
probiotics and the adjusted commensal microbiota, thereby
maintaining regional immune homeostasis after the applica-
tion of CTLA-4 inhibitor.”" The result was also confirmed in
a subsequent mouse experiment. Wang et al. found that the
microbiota was altered after the establishment of ICI-related
colitis in mice, and principal component analysis showed an
obvious reduction in the abundance of Lactobacillus. The
ICI-related colitis was augmented by oral administration of
vancomycin and was associated with complete depletion of
Lactobacillus. Finally, supplementation with the oral,
widely available probiotic Lactobacillus reuteri eliminated
the ICI-related colitis. Mechanistically, the protective
effect of Lactobacillus reuteri was associated with a
decrease in the population of group 3 innate lymphocytes
induced by ICI-related colitis.”” Conversely, Spencer et al.
found that probiotic supplementation (Bifidobacterium
longum or Lactobacillus rhamnosus GG) significantly
decreased the frequency of interferon-y-positive CD8"
T cells in mice, suggesting an impaired antitumor
response.’” Hence, the multifaceted roles of probiotics in
immunotherapy efficacy and irAE still require further
investigation (Table 2, Figure 2c).

Prebiotics are various fibers that can be digested by gut
commensals, and can be obtained from high-fiber sources
such as fruits, vegetables, nuts, and certain grains. Prebiotics
promote proliferation of commensal bacteria and production
of their metabolites such as SCFAs including propionate,
acetate, butyrate, and succinate.”®> Prebiotics are generally
accepted as a safe, noninvasive supplement to modulate the
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TABLE 2 Current findings on interventions targeting the microbiota and irAEs

Microbiota analysis

Section Reference Species Disease/intervention method Significant outcome
Antibiotics in Wang et al.?® Mouse DSS + anti-CTLA-4 16 s IRNA o Oral vancomycin increased the
ICIs-related mortality, colonic histopathological
colitis scores, and serum inflammatory
cytokines KC, CSF3, and IL-6.
Wang et al.*’ Mouse DSS + anti-PD- 16 s IRNA « Vancomycin increased the mortality,
1 + anti-CTLA-4 weight loss, colonic histopathological

scores, serum inflammatory cytokines
KC, TNF-a, IL-6, and IFN-y.

Abu-Sbeih H 826 patients Anti-PD-1, anti- NA « Antibiotic use was associated with
etal?’ CTLA-4, anti-PD- reduced occurrence/recurrence rates and
1 + anti-CTLA-4 increased severity of diarrhea/colitis.

« Post-ICI antibiotics associated with a
higher diarrhea/colitis rate, need for
immunosuppressive therapy, and
hospitalization.

« Antibiotics with anaerobic activity were
associated with increased
immunosuppressant use, hospitalization,
intensive care unit admission, and
diarrhea/colitis severity.

« Empiric prophylactic antibiotic therapy
at diarrhea/colitis onset increased the
need of immunosuppressive therapy,
intravenous steroids, and infliximab/
vedolizumab; increased frequency and
hospitalization duration, diarrhea/colitis
severity; and recurrence frequency.

Kostine et al.*

276 patients ICIs NA « Antibiotics were associated with
decreased occurrence of irAEs (odds
ratio 0.5, 95% CI: 0.33-0.76,

p = 0.0007).

Probiotics/ Wang F et al*® Mouse DSS + anti-CTLA-4 16 s IRNA « Bifidobacterium supplementation
prebiotics in decreased weight loss, histopathological
ICIs-related score, and serum inflammatory
colitis cytokines KC, TNF-a, IL-6, and IFN-y

without influencing the antitumor effect.

13! Mouse DSS + anti-CTLA-4  NA o Bifidobacterium mixture increased the
abundance of Bifidobacterium as well
Lactobacillus, Kosakonia, and
Cronobacter.

« Both Bifidobacterium breve and

Lactobacillus rhamnosum improved
weight loss, histopathological
manifestation, and decreased serum
inflammatory cytokines IL-6, CSF3,
and KC.

Sun et a

Wang et al.” Mouse DSS + anti-PD- 16 s rRNA o Lactobacillus reuteri decreased colitis
1 + anti-CTLA-4 severity on histopathological scoring and
serum inflammatory cytokines KC,
TNEF-a, IFN-vy, and IL-6.

FMT in Wang et al.”’ Two patients with First patient: anti-PD- 16 s rRNA « Both patients had complete resolution of
refractory refractory ICI- 1 + anti-CTLA-4; clinical symptoms and marked
ICI-related related colitis second patient: improvement as observed by
colitis anti-CTLA-4 colonoscopy.

o OTUs raised without observed trend in
a-diversity after FMT.
First patient: higher abundance of
Akkermansia and Bifidobacterium;
reduction in CD8" T cell density and

(Continues)
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TABLE 2 (Continued)
Microbiota analysis
Section Reference Species Disease/intervention method Significant outcome

Fasanello et al*®  One patient with Anti-PD-1
refractory ICI-

related colitis

increase in CD4" FoxP3™ T cells after
single dose of FMT.

« Second patient: higher abundance of
Blautia, Bifidobacterium species, and
Bacteroides; lower abundance of
Escherichia after FMT; decreased CD4™,
CD8™, and FoxP3™ T cells, while CD4™
T cells were relatively spared compared
with CD8" T cells after two doses
of FMT.

NA o Improvement in bowel movement
frequency and abdominal pain,
discharged on a steroid taper after
single FMT.

Abbreviations: CSF3, colony stimulating factor 3; CTLA-4, cytotoxic T lymphocyte antigen-4; DSS, dextran sulfate sodium; FMT, fecal microbiota transplantation; ICIs, immune
checkpoint inhibitors; IFN-y, interferon-vy; IL-6, interleukin-6; irAEs, immune-related adverse events; KC, chemokines; OTUs, operational taxonomic units; PD-1, programmed cell

death-1; TNF-a, tumor necrosis factor-a.

microbiota.”* High intake of dietary fiber has been shown to
be a beneficial supplement in patients taking ICIs, prolonging
PFS in melanoma patients.” There is no direct research on
the protective effect of prebiotics on irAEs. However, two stud-
ies have shown that SCFAs, as metabolites of gut bacteria,
could promote the proliferation of colonic Tregs to exert
immunomodulatory effects. Smith et al. demonstrated that the
ability of SCFAs to induce colonic Treg proliferation in germ-
free mice depended on free fatty acid receptor 2.*° Another
study by Arpaia et al. showed that butyrate induced peripheral
Treg proliferation.”® These findings suggest that prebiotics
might play a protective role in ICI-related colitis by regulating
Treg cells via SCFA production (Table 2, Figure 2¢).

Fecal microbiota transplantation (FMT)

Therefore, the occurrence of ICI-related colitis is related to
the composition of the intestinal microbiota, and antibiotics
or supplementation with specific probiotics can augment or
reduce ICI-related colitis. These data promoted the hypothe-
sis that altering the intestinal microbiota by fecal transplan-
tation could be a promising method to effectively treat
irAEs, especially refractory irAEs resistant to glucocorticoids
and biologics. FMT is a process in which stools from healthy
donors (allo-FMT) or previous stools from the same indi-
vidual (auto-FMT) are transplanted into the gastrointestinal
tract of recipients to balance or restore gut microbial com-
position. FMT is already used to treat refractory Clostridium
difficile colitis and IBD, which have similar manifestations
and immune dysregulation to ICI-related colitis.

In the first application of FMT in the ICI setting, Wang
et al. reported two cases of refractory ICI-related colitis
which were successfully treated by FMT from healthy
donors. The intestinal microbiota of the recipient was
dynamically monitored, and it became most similar to the
donor after the first FMT, after which it gradually returned

to baseline. This result indicated that multiple FMTs might
be needed to guarantee microbiota stability after FMT.
Moreover, dynamic changes in T cell immunity were also
monitored. FMT treatment significantly reduced the density
of CD8" T cells by increasing Treg density in the colonic
mucosa. In addition, beneficial Bifidobacterium and Akker-
mansia were also significantly enriched after FMT, perhaps
playing a protective role in preventing colitis.”*” Fasanello
et al. also reported that patients with refractory ICI-related
colitis resistant to corticosteroids and biologic therapy could
achieve clinical and colonoscopic remission after FMT>®
(Table 2, Figure 2c).

As a result, the 2020 National Comprehensive Cancer
Network (NCCN) guidelines included FMT as an optional
treatment for immunosuppressant-refractory colitis based
on institutional availability and expertise.””

THE PROTECTIVE MECHANISM OF THE
GUT MICROBIOTA IN IRAES

Classic immune hypotheses about irAE
pathogenesis

Given the role of gut microbiota in mediating host immune
responses, either microbiomes themselves or their metabo-
lites may significantly mediate not only response but also
toxicity to immunotherapy. To our knowledge, studies about
the potential mechanisms underlying the relationship
between the intestinal microbiota and irAEs are very limited.
There are several classical hypotheses about irAE pathogene-
sis: (1) T cell attack: T cells stimulated by ICIs attack both
tumor cells and healthy tissues due to similar antigenic epi-
topes40; (2) B cell and autoantibody involvement: T cell
expansion induced by ICIs may over-activate B cells to pro-
duce antibodies against self-antigens, leading to tissue or
organ damage; (3) cytokine release: the imbalance between
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proinflammatory cytokines (e.g., IL-1, IL-6, interferon-y
[IFN-y]) and anti-inflammatory cytokines (e.g., IL-10 and
transforming growth factor-p [TGF-f]) may lead to irAEs,
where Th17 activation and IL-17 secretion favor the Treg/
Th17 axis; and (4) innate immunity involvement: neutrophil-
mediated inflammatory responses, a high level of circulating
eosinophils, and an increased neutrophil/lymphocyte ratio are
associated with irAE development41 (Figure 1b).

Gut microbiomes

In their preclinical study, Chaput et al. analyzed the correla-
tion between baseline immune populations and microbiota
composition. They demonstrated that patients who ultimately
developed colitis had decreased baseline serum IL-6, IL-8,
and soluble CD (sCD)-25."” IL-6 and IL-8 are proinflamma-
tory cytokines, and sCD-25 plays an essential role in IL-2
production and thereby the development of Tregs.*> Patients
belonging to the Faecalibacterium-driven cluster had a low
proportion of baseline Tregs (a4 B7"CD4", ad"B7"CD8™)
compared with the Bacteroides-driven cluster.'® In mouse
experiments, Bifidobacterium altered the composition of the
gut microbiota depending on the existence of Tregs. More-
over, this adjusted commensal microbiota improved both the
metabolic function of mitochondria and the IL-10-mediated
inhibitory functions of intestinal Tregs, facilitating the ame-
lioration of ICI-related colitis. Interestingly, Bifidobacterium
breve might be the key functional strain responsible for allevi-
ating colitis, since there was a correlation between the abun-
dance of Bifidobacterium and Lactobacillus at the genus level,
and these two bacteria lead to decreased serum inflammatory
cytokines IL-6, colony stimulating factor 3, and chemo-
kines. Thus, Bifidobacterium breve and Lactobacillus rham-
nosum are potential key influencing bacteria to improve
gastrointestinal adverse effects during ICI treatment.”’
Akkermansia muciniphila is currently the leading bacteria
related to ICI efficacy, and it is also significantly reduced in
IBD patients and mouse colitis models. Supplementation
with Akkermansia muciniphila could improve colitis and
reduce infiltrating macrophages and CD8" T cells in the
colon*? (Figure 1c).

Gut microbiota metabolites

In addition to gut microbiomes, metabolites (e.g., SCFAs,
polyamines, and microbial fragments such as polysaccharide
A) can potentially induce or relieve irAEs. SCFAs, including
acetic acid, butyric acid, and propionic acid, are primary
metabolic end-products of gut microbiota; the SCFA con-
centration in the gut depends on the host diet, especially
fiber content. SCFAs not only acts as an energy source for
the gut microbiota and intestinal epithelial cells but also
affect host immunity and thereby irAEs after ICI therapy in
cancer patients. In the blood, the interaction between
peripheral blood mononuclear cells and SCFAs inactivates

nuclear factor-xB (NF-kB) and inhibits the production of
TNF-a, which is a pro-inflammatory cytokine.***> The inhi-
bition of histone deacetylases by SCFAs increases the
expression of forkhead box P3 (Foxp3) and Treg numbers.
In mice, Tao et al. found that enhanced Treg function miti-
gates colitis in mice.*® Accordingly, microbe-related SCFAs
function as a suppressive factor against inflammation and
therefore a potential mediator of irAEs. In addition, bacteria
produce polyamines essential for host cell function and
immunity, including spermine and spermidine. Zhang et al.
found that spermine inhibits the proinflammatory macro-
phage phenotype without affecting the production of anti-
inflammatory TGF-p and IL-10. Consequently, a lack of
polyamine production driven by dysbiosis may lead to over-
production of inflammatory cytokines and thereby the
development of irAEs.

Finally, microbial components such as polysaccharide A
also play an important role in host immunity and the devel-
opment of irAEs. Polysaccharide A is secreted by Bacteroides
fragilis in the colon and is recognized by TLR2 on dendritic
cells, which activate CD4" T cells and CD25 " Foxp3™ Tregs
to release IL-10, which suppresses inflammation.*”*®
Collectively, microbial components and metabolites,
including SCFAs, polysaccharide A, and polyamines, are
anti-inflammatory mediators that may suppress the
development of irAEs by interacting with both innate
and adaptive immune cells (Figure 1d).

CONCLUSIONS

The occurrence of IrAEs relies on the presence of the gut
microbiota. Baseline gut microbiota composition is an
important determinant of ICI-related colitis, especially the
proportion of Firmicutes and Bacteroidetes. After the onset
of ICI-related colitis, administering antibiotics is harmful,
particularly those targeting anaerobic organisms. Supple-
mentation with specific probiotics, e.g., Bifidobacterium and
Lactobacillus, seems to reduce the severity of ICI-related
colitis in mice. FMT is emerging as an effective treatment
for refractory ICI-related colitis in the clinic. Our knowledge
about the potential underlying mechanisms is still limited,
but the microbiomes and their metabolites appear to play
important roles by interacting with both innate and adaptive
immune cells.
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