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Baseline colitogenicity and acute perturbations of
gut microbiota in immunotherapy-related colitis
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Neil . Shah”'@®, Michael Postow” '@, Jean-Frederic Colombel?®, Sacha Gnjatict>*>314@®, David M. Faleck”'@®, and Jeremiah J. Faith2@®

Immunotherapy-related colitis (irC) frequently emerges as an immune-related adverse event during immune checkpoint
inhibitor therapy and is presumably influenced by the gut microbiota. We longitudinally studied microbiomes from 38 ICI-
treated cancer patients. We compared 13 ICl-treated subjects who developed irC against 25 ICl-treated subjects who
remained irC-free, along with a validation cohort. Leveraging a preclinical mouse model, predisease stools from irC subjects
induced greater colitigenicity upon transfer to mice. The microbiota during the first 10 days of irC closely resembled
inflammatory bowel disease microbiomes, with reduced diversity, increased Proteobacteria and Veillonella, and decreased
Faecalibacterium, which normalized before irC remission. These findings highlight the irC gut microbiota as functionally
distinct but phylogenetically similar to non-irC and healthy microbiomes, with the exception of an acute, transient disruption
early in irC. We underscore the significance of longitudinal microbiome profiling in developing clinical avenues to detect,

monitor, and mitigate irC in ICl therapy cancer patients.

Introduction

The intestinal microbiome is an essential contributor to host
health, which includes the development and homeostatic
maintenance of healthy barrier tissue and the immune system
(Hooper and Macpherson, 2010). Changes in the gut microbiota,
including reduced microbiota biodiversity, reduced density, loss
of beneficial commensals, or expansion of pathobionts, have
been implicated in a wide array of diseases, including cancer and
inflammatory conditions such as inflammatory bowel disease
(IBD) (Routy et al., 2018; Matson et al., 2018; Frankel et al., 2017;
Sivan et al,, 2015; Lee et al., 2022; Spencer et al., 2021; Derosa
etal., 2020; Frank et al., 2007; Baruch et al., 2021; Andrews et al.,
2021; Davar et al., 2021; Chaput et al., 2017; Simpson et al., 2022;
McCulloch et al., 2022; Arthur et al., 2012). Studies have iden-
tified bacteria that are associated with clinical response to im-
mune checkpoint inhibitors (ICI), and antibiotics are negatively
associated with ICI response (Matson et al., 2018; Frankel et al.,
2017; Sivan et al., 2015; Spencer et al., 2021; Derosa et al., 2020;
Baruch et al., 2021; Andrews et al.,, 2021; Davar et al., 2021;
McCulloch et al., 2022; Fidelle et al., 2023; Routy et al., 2018,

2023; Elkrief et al., 2023; Vétizou et al., 2015; Shaikh et al., 2021).
Recent studies also suggest that the microbiota may influence the
development of immune-related adverse events (irAEs) in ICI-
treated patients (Hooper and Macpherson, 2010; Chaput et al.,
2017; Frankel et al., 2017; Simpson et al., 2022; Wang et al., 2018b;
Dubin et al., 2016; Elkrief et al., 2023; Wang et al., 2020; Halsey
et al., 2023). Immunotherapy-related colitis (irC) can pose life-
threatening risks and is among the most common irAE associated
with anti-CTLA-4 and dual anti-PD-1/anti-CTLA-4 (Som et al.,
2019; Khoja et al., 2017). Gut microbiotas of patients with
gastrointestinal (GI)-related irAEs are distinct from patients
with non-GI irAEs (Liu et al., 2019), and recent studies have
suggested that a subject’s baseline (before ICI therapy was
started) microbiota can predict irC risk (Lee et al., 2022;
Andrews et al., 2021; Chaput et al., 2017; Wang et al., 2018b;
Dubin et al., 2016; Liu et al.,, 2019; Abu-Sbeih and Wang,
2020). However, the microbiome’s contribution to irC re-
mains elusive, as we do not know the timing of these micro-
biome changes, if the baseline microbiome has a causal role in
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disease, or if there are parallels between the microbiome’s
role in irC and IBD. Fecal microbiota transplantation (FMT) of
healthy donor stool to patients with treatment-refractory irC
led to improved symptoms or complete resolution in 17 out of
19 patients across existing non-placebo-controlled small trials
(Wang et al., 2018b; Elkrief et al., 2023; Wang et al., 2020;
Halsey et al., 2023), suggesting a potential causal role for the
gut microbiota in irC.

Longitudinal gut microbiome sampling prior to disease onset,
during active disease, and after disease resolution is one of the
most sought-after resources to understand the gut microbiome’s
role in the etiology of immune-mediated conditions. However,
microbiome sampling predisease is rarely conducted due to in-
tense resource and logistical challenges, limiting these studies to
large multisite efforts for IBD (Raygoza Garay et al., 2023) and
Type 1 diabetes (Stewart et al., 2018). The rapid onset of irC in
patients under anti-CTLA-4 and dual-ICI treatment provides an
opportunity to expand our understanding of the gut micro-
biome’s role in immune-mediated conditions from predisease to
disease resolution.

We present an in-depth characterization of the microbiota
dynamics associated with irC disease and its recovery. We lon-
gitudinally sampled stool from 38 cancer patients starting either
anti-CTLA-4 or dual ICI therapy, with 13 subsequently devel-
oping irC. To investigate the causative link between the micro-
biome and irC, we transplanted stools of irC patients (collected
before irC onset) and unaffected ICI-treated patients into colitis-
susceptible ex-germ-free mice and observed exacerbated colitis
in mice harboring microbiomes from patients who developed
irC compared with non-irC controls. To dissect irC-microbiome
associations, we performed absolute (Contijoch et al., 2019; Faith
et al., 2011; Llewellyn et al., 2018; Vandeputte et al., 2021;
Maghini et al., 2023) and relative abundance quantification of
gut microbiome composition with both 16S ribosomal RNA
(rRNA) and metagenomic sequencing. Fecal microbiomes ex-
hibited pronounced perturbations in alpha diversity, microbiota
density, and beta diversity for the first 10 days of active irC.
Taxonomically, these shifts were driven by a relative expansion
of Proteobacteria coupled with the contraction of other phyla,
including Firmicutes. On average, these microbiota perturba-
tions began to resolve after day 10 of active irC and were re-
stored to a state equivalent to baseline following irC resolution.
Strikingly, the acute irC microbiome phase exhibited notable
parallels with previously reported characterizations of the IBD
microbiota. Notably, the gut microbiome alterations mirroring
IBD characteristics arise exclusively during the early inflam-
matory period of irC, suggesting these shifts serve as potential
amplifiers and consequences of IBD pathogenesis rather than its
initial trigger.

Results and discussion

Microbiome sampling in irC from before ICI treatment to

irC resolution

Given the immense resources to conduct prospective micro-
biome studies, virtually all microbiome association studies
across all diseases rely on either cross-sectional cohorts or
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longitudinal post-disease cohorts. As a result, it is difficult to
discern whether gut microbiota alterations are the cause or
effect of disease. A prospective ICI-patient cohort enables the
characterization of temporal microbiome dynamics aligned
with irC clinical events, from pre-ICI initiation to post-irC re-
mission. We enrolled 38 patients with stage III (21% 8/38 pa-
tients) or IV (79% 30/38) cancer (63% [24/38] melanoma, 13%
[5/38] genitourinary, 13% [5/38] lung, 5% [2/38] mesotheli-
oma, 2% [1/38] ovarian, and 2% [1/38] kidney) receiving anti-
CTLA4-containing treatment (95%: anti-CTLA4+anti-PDI1; 5%:
anti-CTLA4; Tables SI and S2). Stool samples were collected
prior to ICI initiation (pre-ICI) and at follow-up (5-7 wk after
ICI initiation) from all patients (Fig. 1, A and B) as part of the
longitudinal cohort (LC). 13 patients (34%) developed irC, di-
agnosed by symptoms of diarrhea and/or colitis by Common
Terminology Criteria for Adverse Events v5.0, along with
endoscopic/histologic confirmation when possible (10/13,
77%). From these irC patients, we collected additional stool
samples during irC and after irC remission (Fig. 1 B). The re-
maining 25 patients who did not develop irC served as controls
(non-irC; Fig. 1 A). In total, 77 stool samples from 38 LC patients
were profiled using both shotgun metagenomics and 16S
rRNA gene.

Transfer of pre-colitis onset fecal microbiome from irC
patients to ex-germ-free mice can exacerbate colitis

To evaluate microbiome signatures associated with irC risk prior
to ICI initiation, we compared 16S rRNA-based alpha diversity
between non-irC and irC patients in pre-ICI microbiotas. No
significant alpha diversity differences were found between irC
and non-irC samples (Fig. S1 A), consistent with previous studies
(Andrews et al., 2021; McCulloch et al., 2022). To assess if ab-
solute quantities of the gut microbiota can influence irC risk, we
evaluated DNA-based microbiota density, defined as pg of mi-
crobial DNA per mg of stool (Contijoch et al., 2019; Faith et al.,
2011; Llewellyn et al., 2018). Similarly, no significant differences
were found in pre-ICI microbiota density between irC and non-
irC patient groups (Fig. S1 B). Beta diversity contrasting irC and
non-irC microbiome compositions prior to ICI was not signifi-
cantly different (Bray-Curtis distances, PERMANOVA P = 0.7,
Fig. S1 C). To identify taxa associated with irC susceptibility, we
next employed MaAsLin2 analysis on metagenomic profiles of
pre-ICI irC and non-irC samples. Eubacterium sp., unclassified
Parabacteroides sp., and Bacteroides nordii (all P < 0.05) were
significantly enriched in the pre-ICI microbiomes of patients
who eventually developed irC. Dorea genus, Dorea longicatena,
Lachnospiraceae bacterium 3-1-46FAA, and Bacteroides cellulosily-
ticus (all P < 0.05) were enriched at pre-ICI in non-irC patients,
although non-significant after adjustment for multiple com-
parisons using Benjamini-Hochberg (BH) (Fig. 1 C). Previous
studies on independent cohorts of anti-CTLA-4 mono- or
combination-treated melanoma patients have also reported
baseline enrichment of Dorea phylum members in patients who
did not develop irC or zgrade 3 irAEs and Bacteroides association
with either irC susceptibility or protection depending on the
species (Andrews et al., 2021; Chaput et al., 2017; Dubin et al.,
2016; Usyk et al., 2021).
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Figure 1. irC patients exhibit colitogenicity in microbiome prior to irC development in a TCT colitis model. (A and B) Stool collection (black circle) for
25 non-irC (A) and 13 irC patients (B). Day of irC onset (red triangle) and day of irC remission (green circle) are shown as days relative to the first ICl dose
(vertical dotted line). (C) MaAsLin2 analysis (species level) examined metagenomic pre-ICl microbiome profiles of irC (red, n = 9) and non-irC patients (blue, n =
15). Features displayed are P < 0.05. The horizontal bar length indicates log;o(P value) associated with each species. (D and E) Total colonic histology severity
score (D) and representative H&E-stained colon sections (E) 7-8 wk after TCT in Rag1~/~ mice colonized with microbiotas from patients who would remain irC-
free (blue) or eventually developed irC (red). Each dot in D represents the averaged colonic histology severity score by each microbiota donor (9 irC, 10 non-irC)
(Mann-Whitney P = 0.033). (E) Upper: Non-inflamed colon section from the murine recipient of non-irC patient’s microbiota. Lower: Inflamed colon section
from murine recipient of pre-colitis microbiota from irC patient. Moderate mucosal and submucosal inflammation with crypt and goblet cell loss, crypt hy-
perplasia, and muscle thickening. The horizontal bars in E represent the scale bar 200 um. (F) Weekly body mass percentage change (relative to week 0)
following TCT in Rag1~/~ mice colonized with microbiota from 9 irC patients (red) or from 10 non-irC patients (blue) with three to seven mice receiving a single
fecal microbiota. Bolded blue and red lines represent the mean + SEM of all irC or non-irC-colonized group of mice, respectively, at each week after TCT.
Individual opaque thin lines represent the body mass change of individual mice. The linear mixed-effect model showed no significant difference in weight
between the irC- and non-irC-colonized mice (P = 0.63) at week 0 but a significant effect of patient colitis status on raw weight change at weeks five and six
after TCT (week 5, P = 1.7 x 1074 week 6, P = 3.2 x 1074). Plots D-F are combined from three independent experiments. Analysis included a total of 67 mice
(experiment 1: n = 19, 2: n = 24, 3: n = 24) colonized with 19 human microbiotas (n = 10 irC patients, n = 9 non-irC patients). Three to seven mice colonized per
microbiota donor. Error bars represent mean + SEM. *P < 0.05 and ***P < 0.001. Linear mixed model fit by restricted maximum likelihood with P value
estimations using Satterthwaite’s method “ImerModLmerTest” was performed to evaluate differences in body mass change between irC and non-irC
microbiota-colonized mice groups. Mann-Whitney was performed to assess differences in colonic histological severity scores between irC and non-irC
microbiota-colonized mice groups.
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To investigate the potential causal link between the micro-
biome and irC, we employed a T-cell transfer (TCT) model of
colitis (Heul and Stappenbeck, 2018; Powrie et al., 1993; Britton
et al., 2019). This model simulates the loss of Treg-mediated
tolerance—a key immunological feature observed with ICI—
and requires gut microbes for inflammation. Unlike murine
models relying on murine host microbiota or antibiotic deple-
tion, the gnotobiotic TCT model allows direct assessment of the
human microbiota’s role in colitis (Wang et al., 2018a, 2019; Heul
and Stappenbeck, 2018; Zhou et al., 2023; Gao et al., 2023; Lo
etal., 2023). We have previously shown that stool transfers from
IBD patients into this model lead to significantly increased in-
flammation compared with stool transfers from non-IBD pa-
tients (Britton et al., 2019, 2020). To quantify the colitogenicity
of irC microbiomes, we colonized germ-free Ragl~~ mice with
clarified stools from 9 irC patients sampled before irC develop-
ment and 10 non-irC patients sampled at baseline. At 3-4 wk
after colonization, naive CD45RBM T cells were transferred to
Ragl~/~ mice to induce colitis. Following 7-8 wk after colitis in-
duction, colons were evaluated based on histological criteria
(Koelink et al., 2018). Histological examination revealed that
mice colonized with pre-colitis stools from irC patients dem-
onstrated a notably enhanced severity of intestinal inflamma-
tion compared with those colonized with stools from non-irC
patients (Mann-Whitney P = 0.033, Fig. 1 D, representative
images in Fig. 1 E; and Tables S3 and S4). Mice colonized with
stool collected from irC patients prior to irC development ex-
hibited greater weight loss at weeks 5 and 6 compared to those
colonized with stool from non-irC patients (P =1.7 x 10~*and P =
3.2 x 1074, respectively; Fig. 1 F), despite similar baseline weights
(P = 0.63). The difference in colitis exacerbation by non-irC and
irC microbiomes is more subtle than previously observed be-
tween IBD and non-IBD gut microbiotas (Britton et al., 2019),
and lipocalin and colon length differences were not significant
(Fig. S1, D-F) (Chassaing et al., 2012). Taken together, this ex-
germ-free microbiota transfer experiment suggests that the
baseline irC gut microbiota harbors increased colitogenic po-
tential, which may predispose individuals to irC when coupled
with the immunological trigger provided by ICI therapy.

Distinct microbiota compositions in mice reflect colitis
susceptibility linked to irC patient microbiotas

To evaluate microbiota composition in the gnotobiotic TCT
model of irC, we metagenomically sequenced mouse fecal sam-
ples collected before and after colitis induction (Table S5). Prior
to colitis induction, richness but not Shannon diversity was
significantly decreased in irC-colonized mice compared with
non-irC-colonized mice (Fig. 2 A, week 0, richness P = 0.013;
Shannon P = 0.19). Species-level taxonomic composition sig-
nificantly differed between irC and non-irC-colonized mice
prior to colitis induction (PERMANOVA P = 0.047, Fig. 2 B) but
not after induction (PERMANOVA P = 0.06L, Fig. 2 B). We vi-
sualized phylum-level taxonomic composition (Fig. 2 C) and
employed MaAsLin2 to identify bacterial species associated with
pre- and post-colitis induction. In irC-colonized mice following
colitis induction, Escherichia coli (P = 0.0038, q = 0.079), Fla-
vonifractor plautii (P = 0.00088, q = 0.036), and Clostridium
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bacterium 1-7-47FAA (P = 0.0097, q = 0.13) were associated with
post-TCT microbiomes, while Ruminococcus torques (P = 0.015, g
= 0.15) was associated with pre-TCT microbiomes (Fig. 2 D and
Table S6).

To better understand the clinical relevance of our TCT-colitis
model, we next analyzed microbiome composition and colitis
severity in the mice without considering the microbiota donor
source. Mice were categorized based on their total colon damage
histology scores, where the lowest quartile (score 0) and highest
quartile (score > 14) were designated as “no colitis” and “severe
colitis,” respectively. MaAsLin2 analyses revealed that Bacteroi-
des intestinalis was significantly enriched in the pre-TCT mi-
crobiomes of mice that would eventually develop severe colitis
(week 0, MaAsLin2 P = 0.00048; q = 0.025 Fig. 2 E). At sacrifice,
Bacteroides intestinalis remained significantly associated with
severe colitis (post-TCT 7-8 wk, MaAsLin2 P = 0.0029, q =
0.13 Fig. 2 F). This is consistent with previous reports of Bacte-
roides intestinalis enrichment at baseline in combined ICB-
treated patients with metastatic melanoma who eventually
developed >grade 3 irAEs (Davar et al., 2021).

Temporal microbiota dynamics reflect distinct clinical stages
of irC

To determine the gut microbiome dynamics in irC patients, we
analyzed longitudinally collected stool samples from irC patients
using defined timepoint bins based on days relative to irC onset
(Fig. S2 A). These bins were pre-ICI (prior to checkpoint
blockade administration), ICI (post-ICI initiation but before co-
litis onset), irC-initial (active irC during initial 0-10 days of
onset), irC-late (active irC 11+ days of onset), and post-irC (after
resolution of irC). We pooled together microbiomes collected
during pre-ICI or ICI as “pre-irC” (Fig. 2 A) since a comparison of
samples from pre-ICI versus ICI showed that checkpoint block-
ade treatment did not significantly impact alpha diversity (Fig. 2
B), microbiota density (Fig. 2 C), or microbiome composition
(Fig. 2 D; PERMANOVA P = 0.95).

Next, we compared microbiota parameters at different
timepoints within irC patients (reported as P value) by applying
a mixed linear model to account for multiple sampling from the
same patient. Compared with pre-irC microbiomes, irC-initial
microbiomes exhibited significantly decreased alpha diversity
(16S rRNA sequencing, pre-irC versus irC-initial P = 0.0042;
Fig. 3 A), richness (pre-irC versus irC-initial P = 0.0019; Fig. 3 B),
and microbiota density (pre-irC versus irC-initial P = 0.036;
Fig. 3 C) followed by a rapid and durable recovery in irC-late
samples. This contrasted with non-irC patients’ stable alpha di-
versity and microbiota density between pre-ICI and follow-up
visits in 5-7 wk after ICI initiation (Fig. S2, E and F). In
metagenomic-based alpha diversity, we similarly found signifi-
cantly decreased Shannon diversity and richness at irC-initial
compared with pre-irC (Shannon P = 0.015; Richness P =
0.0032) with recovery to baseline levels by irC-late (Fig. S2 G).
We observed a significantly higher dissimilarity in the overall
microbiota composition of irC patients’ paired samples at pre-irC
versus active irC compared with non-irC patients’ paired sam-
ples at pre-ICI versus follow-up in 16S profiles (P = 0.0037, q =
0.0074; Fig. S2 H) but not metagenomics profiles (P = 0.14, q =
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Figure 2. Metagenomics of murine stool microbiome colonized with either irC or non-irC associated microbiotas. Murine stool microbiomes were
longitudinally sampled before and after TCT. (A) Comparison of microbiome richness before colitis induction by TCT, between mice colonized by irC (red) or
non-irC (blue) microbiota (the former donor group, patient stool collected before irC development). Individual dots represent individual mice. A linear mixed
model via Ime4 was applied (P = 0.013) to account for the non-independence of murine samples colonized by the same patient donor. (B) PCoA based on Bray-
Curtis distances of species-level microbial communities from murine stool samples before TCT (left) and after TCT (right). Samples are colored based on their
designation as receiving microbiome from either non-irC donor (blue) or irC donor (red). The multivariate homogeneity of group dispersions was tested using
PERMANOVA (P = 0.047 for pre-TCT and P = 0.061 for post-TCT). (C) Taxonomic composition plot of operational taxonomic units at the phylum-level pre- and
post-TCT in non-irC and irC-colonized mice. Each vertical bar represents the average fecal microbiota composition of non-irC or irC donor group at the in-
dicated timepoint (before or after TCT). (D) Top differentially abundant bacterial species in murine microbiomes of irC-colonized mice, either before colitis
induction (pre-TCT, purple) or after (post-TCT, orange), identified by MaAsLin2. Horizontal bar length indicates log;(q-value) associated with each species.
MaAsLin2 parameters included centered log ratio normalization and linear model analysis. Analysis included n = 18 mice with paired pre- and post-TCT
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samples. Random effects accounted for microbiota donor (to control for non-independence among mice colonized with the same microbiota donor) and mouse
ID (to control for non-independence of paired samples from the same mouse). (E and F) Top differentially abundant bacterial species in murine microbiomes
agonistic to donor source and based solely on murine colon histology severity score quartile show relative abundance of Bacteroides intestinalis between no
colitis (blue) versus severe colitis (red) mice (E) at pre-TCT (MaAsLin2 P = 0.00048, q = 0.025) and (F) at post-TCT (MaAsLin2 P = 0.0029, q = 0.13). First
quartile (orange; no colitis, score = 0); fourth quartile (green; severe colitis, score >14); n = 18 mice. Bar length indicates log;(q-value) associated with each
taxon. MaAsLin2 parameters included centered log ratio normalization and linear model analysis. Random effects accounted for microbiota donor (to control
for non-independence among mice colonized with the same microbiota donor). The study included n = 18 mice with paired pre- and post-TCT samples (n = 7
mice with severe colitis, n = 11 mice with no colitis). Data in A-F plots are combined from three independent TCT experiments, which used 19 human mi-
crobiotas (experiment 1: n = 3 human microbiotas, experiment 2: n = 8 human microbiotas, and experiment 3: n = 8 human microbiotas). From each microbiota
donor, fecal samples from two mice were represented at each timepoint (pre- and post-TCT) where pre-TCT represents week 0 and post-TCT represents
weeks 7-8 post-TCT to be metagenomically sequenced and analyzed. Data in plots A-D used n = 38 mice with paired pre- and post-TCT samples. Taxa
presented in D-F had q < 0.25. Error bars represent mean + SEM. From each microbiota donor, fecal samples from two mice were represented at each
timepoint (pre- and post-TCT) where pre-TCT represents week 0 and post-TCT represents weeks 7-8 post-TCT. *P < 0.05, **P < 0.01, and ***P < 0.001. Linear

mixed model fit by restricted maximum likelihood with P value estimations using Satterthwaite’s method “lmerModLmerTest.”

0.28; Fig. 3 D) with the difference reaching significance in the
16S. Mice colonized with irC-initial microbiotas did not ex-
hibit exacerbated colitis compared with those colonized with
non-irC follow-up samples (total histology severity score av-
eraged prior to statistical tests; P = 0.34). Overall, we observed
that the initial acute inflammatory phase of irC is character-
ized by decreased microbiota density, alpha diversity, and
richness coupled with increased dissimilarity from their pre-
irC microbiota compositions. Importantly, these microbiota
perturbations are transient, with distinct microbiota struc-
tures that reflect different clinical stages of irC. This suggests
that the microbiome state during irC is reversible, contrasting
with the persistent dysbiosis observed in chronic inflamma-
tory conditions like IBD.

To validate these observations, we compared patients’ irC-
initial metagenomic profiles from the LC with those from an
independent cohort of ICI-treated patients with cancer and
confirmed irC diagnosis (five patients, cross-sectional validation
cohort [CVC]; Fig. S2 A) (Elkrief et al., 2023). The irC-initial
microbiota composition between LC and CVC exhibited consid-
erable overlap by Bray-Curtis distances (PERMANOVA P = 0.38,
Fig. S21).

To explore parallels between the irC and IBD, we compared
microbiomes of irC patients to those of Crohn’s Disease (CD) and
healthy patients from previously published cohorts (Table S7)
(Canales-Herrerias et al., 2023; Aggarwala et al., 2021). We
found that pre-irC microbiomes had similar Shannon diversity
to healthy individuals (P = 0.93, q = 0.93; Fig. 3 E) but signifi-
cantly different from CD microbiomes (P = 0.046, q = 0.092;
Fig. 3 E). In contrast, irC-initial microbiomes showed Shannon
diversity comparable with CD microbiomes (Mann-Whitney P =
0.99, g = 0.99; Fig. 3 F). These results suggest the gut microbiome
during irC-initial represents an IBD-like state that transiently
occurs after ICI therapy, with the resolution even prior to the
completion of the irC clinical course. This transient IBD-like
microbiome state may have implications for understanding the
mechanisms underlying irC and for developing microbiome-
targeted interventions.

Expansion of pro-inflammatory bacteria and loss of beneficial
bacteria during irC-initial

In irC patients, we observed striking temporal taxonomic shifts
at irC onset, including a relative expansion of Proteobacteria and
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reduction of other phyla such as Actinobacteria, Firmicutes, and
Verrucomicrobia (Fig. 4 A and Fig. S3 A). Conversely, non-irC
phylum composition remained relatively stable over time (Fig.
S3 B). Proteobacteria relative abundances in irC-initial samples
were similarly elevated in both CVC and LC (LC versus CVC
Proteobacteria Mann-Whitney P = 0.56, Fig. S3 C). To determine
whether Proteobacteria expansion was due to increased absolute
abundance or decreased absolute abundance of other phyla, we
evaluated the temporal changes in each phylum’s absolute mi-
crobiota density. At irC-initial, we observed that the absolute
abundance of Proteobacteria remained constant while that of all
other phyla decreased (Fig. 4 B), consistent with previous ob-
servations of decreased absolute bacterial abundances in IBD
microbiomes (Contijoch et al., 2019). Recovery of many phyla
could be observed at irC-late (Fig. 4 B), despite unresolved co-
litis. By contrast, non-irC patients’ absolute microbiota density
remained stable (Fig. S3 D).

To further probe microbiota shifts at irC onset, we applied
MaAsLin2 analysis to compare metagenomics profiles between
pre-irC microbiomes (from LC) and irC-initial microbiomes
(from CVC/LC). In irC-initial microbiomes sampled from both
cohorts, MaAsLin2 identified taxa candidates at the level of the
genus (Fig. 4 C and Table S8) and species (Table S9) that were
more abundant at pre-irC compared with irC-initial. We ob-
served a reduction of numerous bacterial genera at irC-initial
compared with pre-irC, (Fig. 4 C and Table S8), which included
species (Table S9) such as unclassified Oscillibacter species (q =
0.00021), Roseburia intestinalis (q = 0.015), Akkermansia mucini-
phila (q = 0.21), and Faecalibacterium prausnitzii (q = 0.27). Fae-
calibacterium prausnitzii and unclassified Oscillibacter species
were then recovered by irC-late in terms of both relative (Fig. 4,
D-G) and absolute abundance (Fig. S3, E-H). Faecalibacterium
prausnitzii is frequently reported to be an important constituent
of healthy microbiota composition (Yatsunenko et al., 2012). For
example, Faecalibacterium praustnizi is an important short-chain
fatty acid producer that has been widely reported to be signifi-
cantly decreased in IBD patients (Machiels et al., 2014; Sokol
et al, 2009) and has also been negatively associated with ICI-
treated patients who developed colitis (Gao et al., 2023). In a
prospective study, stool samples were collected between 2008
and 2017 from 3,483 healthy first-degree relatives of patients
with CD (Raygoza Garay et al, 2023). Garay et al. studied
the pre-disease microbiome of 73 of these individuals who
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Figure 3. Longitudinal sampling of patient gut microbiomes at indicated timepoints in LC cohort, along with samples from patients with CD, healthy
participants, or irC patients from CVC cohort (validation). (A-C) Longitudinal alpha diversity (A) and observed richness (B) using 165 rRNA sequencing data
and microbiota density (C) at distinct irC disease stages (pre-irC, irC-initial, irC-late, and post-irC) (n = 13 irC patients). Linear mixed model fit by restricted
maximum likelihood with P value estimations using Satterthwaite’s method “ImerModLmerTest.” Comparison of values at pre-irC versus irC-initial (A, P =
0.0042; B P = 0.0019; C, P = 0.036), irC-late (A, P = 0.039; B, P = NS; C, P = NS), post-irC (A, P = NS; B, P = NS; C, P = NS). (D) Intrapatient metagenomic
microbiota profiles change (Bray-Curtis distance) over time within either irC patients (red) or non-irC patients (blue). Intrapatient comparison of microbiotas in
eight non-irC patients (blue) with paired stool samples collected at pre-ICl and follow-up (4-7 wk post-ICl initiation). For irC microbiomes (red), intrapatient
comparison of paired stool samples collected at (1) pre-irC and active irC (in nine irC patients) or (2) pre-irC and post-irC (in three irC patients). Mann-Whitney
compared the dissimilarity of non-irC paired samples against that of irC paired samples (pre-irC versus irC, P = 0.14, q = 0.28; pre-irC versus post-irC, P = 0.78, q
= 0.78). (E) Comparison of alpha diversity between pre-irC metagenomic microbiomes profiles of irC patients (red), patients with CD (purple), and healthy
individuals (green). Mann-Whitney (P value) and BH adjustment (g-value) to compare alpha diversity between groups (pre-irC versus CD: P = 0.046, q = 0.092;
pre-irC versus healthy P = 0.93, q = 0.93). (F) Comparison of alpha diversity between irC-initial metagenomic microbiome profiles of irC patients (from LC and
CVC) (red), patients with CD (purple), and healthy individuals (green). Mann-Whitney (P value) and BH adjustment (g-value) to compare alpha diversity
between groups (irC-initial versus CD: P = 0.99, q = 0.99; irC-initial versus healthy P = 0.13, q = 0.27). Mann-Whitney P values in E and F were adjusted for
multiple comparisons (g-value) by the BH method. *P < 0.05, **P < 0.01; P value estimations using Satterthwaite’s method “lmerModLmerTest.”

subsequently went on to develop CD and found Oscillospiraeceae,
Roseburia, and Faecalibacterium among the top CD-predictive
taxa, and their decreased abundances correlated with risk of
CD development in at-risk healthy relatives. We also observed
depletion (relative to baseline abundances) of these three taxa
during irC-initial in our cohort.

Conversely, bacterial genera associated with irC onset
(compared to pre-irC) (Fig. 4 C and Table S8) included Veillo-
nella, Coprobacillus, Fusobacterium, Klebsiella, Eubacterium, and
Enterococcus genus. Specific species such as Veillonella atypicae
(q = 0.024), Veillonella parvula (q = 0.038), Veillonella unclassified
(q = 0.041), Veillonella dispar (q = 0.15), and the Proteobacterium
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Klebsiella pneumoniae (q = 0.17) were elevated (Table S9). By late-
irC, the relative and absolute abundances of Veillonella and
Proteobacteria returned to initial pre-irC levels (Fig. 4, F and G;
and Fig. S3, G and H). Prior to irC, the relative abundance of
Proteobacteria (median, 3.1%) is comparable with that of healthy
microbiota (Shin et al., 2015), but expands (median, 31.2%)
during irC-initial. Expanded gut colonization by oral patho-
bionts such as Veillonella dispar, Veillonella parvula, and Klebsiella
pneumoniae has been reported in IBD patients (Schirmer et al.,
2018; Ananthakrishnan et al., 2017; Tiwana et al., 2001; Atarashi
et al., 2017). It has been proposed that Veillonella and Klebsiella
species expand during gut inflammation because of their
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Figure 4. Fecal microbial taxonomic signatures are differentially associated with distinct stages of irC. (A and B) Longitudinal taxonomic profiling of irC
patients’ microbiomes at pre-irC, irC-initial, irC-late, and post-irC in terms of (A) relative abundance of operational taxonomic units at the phylum-level by
metagenomic profiling and (B) absolute abundance. (C) Top bacterial genus associated with pre-irC versus irC-initial identified by MaAsLin2 using meta-
genomically sequenced microbiomes of irC patients at pre-irC (orange, n = 13) and irC-initial (purple, n = 9 where n = 4 from LC and n = 5 from CVC). Random
effect adjusted for non-independence of repeated measures. The horizontal bar length indicates logyo(g-value), in which g-value was calculated by BH ad-
justment of P value. Genus presented q < 0.25. MaAsLin2 parameters included centered log ratio normalization and linear model analysis. (D-G) Temporal
dynamic changes in the relative abundance of (D) Faecalibacterium prausnitzii, (E) unclassified Oscillibacter species, (F) Veillonella genus, (G) Proteobacteria
phylum in irC patients at pre-irC, irC-initial, irC-late, and post-irC. irC-initial samples were pooled from both irC cohorts (LC and CVC). Based on metagenomic
profiles. Each symbol represents data from an individual patient; the boxplot displays a central line presenting the median, accompanied by a box that encloses

the interquartile range (IQR) and extends whiskers up to the farthest data point within 1.5 times the IQR.

adaption to the damaged gut's more oxygenic atmosphere,
radical oxygen species (ROS) presence, and altered
inflammation-associated metabolism (Rojas-Tapias et al.,
2022). Veillonella species can utilize a respiratory nitrate re-
ductase to fuel its growth with nitrate, a metabolite more
abundant during inflammation (Rojas-Tapias et al., 2022). This
may explain why we observed Escherichia coli expansion in irC-
colonized mice after colitis induction and can use inflammation
byproducts such as nitrate and ROS (Winter et al., 2013).
Members of the Protobacteria phylum and Enterobacteriaceae
family, Escherichia coli and Klebsiella, were enriched in irC-
colonized mice and irC patients after irC onset, respectively.
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Summary

This study’s prospective irC cohort and preclinical model evi-
dence the microbiome’s causative nature in irC and demonstrate
a clear trajectory of microbiome changes before, during, and
after irC development. This colitogenicity of the irC microbiome
prior to irC development suggests an individual’s gut micro-
biome could predispose them to colitis when coupled with a
triggering event like anti-CTLA4 therapy. Our findings also
highlight the parallels between IBD and irC microbiome com-
position, suggesting that irC may represent a transient IBD-like
state induced by ICI therapy. Identifying these parallels could
advance our understanding of their etiology and set the stage for
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disease prevention and treatment strategies. While both IBD and
irC may respond to immunomodulatory therapies as well as
microbiota manipulation via FMT (Wang et al., 2018b; Elkrief
et al., 2023; Wang et al., 2020; Halsey et al., 2023; Haifer et al.,
2022; Paramsothy et al., 2017; Costello et al., 2019; Rossen et al.,
2015; Moayyedi et al., 2015), these observations of the differ-
ential microbiome composition across diseases may provide
insights into why long-term therapy appears necessary for
management of IBD but less commonly for irC. Further probing
of these differences for both the microbiome and the immune
system could yield important insights into the shared and dis-
crepant features of intestinal inflammatory disease to inform
therapeutic strategies.

Materials and methods

Study design and participants of the LC

Individuals with active cancer beginning anti-CTLA-4 or dual
anti-CTLA4+anti-PD-1 treatment were prospectively enrolled at
the Memorial Sloan Kettering Cancer Center (MSK) as part of
this study between December 2020 to present. The research was
conducted in accordance with the Institutional Review Board-
approved research protocol. Clinical data were collected under
protocol number 20-427. Upon identification of suspected irC,
patients were referred for urgent evaluation with a study gas-
troenterologist. Diagnosis of irC was made using a combination
of clinical assessment and exclusion of alternative etiologies, as
well as endoscopic and histologic confirmation of irC when
feasible. Clinical remission of irC was determined by the reso-
lution of clinical symptoms.

Biospecimen sampling for all patients enrolled in the study
included prospective stool collection at baseline before ICI in-
fusion and at 5-7 wk follow-up after ICI initiation (follow-up).
Upon the occurrence of irC, an additional collection of stools was
conducted, and then the collection was again requested at irC
remission. Extensive clinical metadata including demographics,
cancer details, irC details, and treatment regimens were also
collected for each patient.

For both irC and non-irC patients, stools were analyzed as
“pre-ICI” if stool collection occurred <0 days relative to the first
ICI dose. For follow-up samples of non-irC patients, only stools
collected 5-7 wk post-ICI dose were analyzed for consistency.
For categorization of irC stools relative to irC disease course, the
following timepoint bins were made: (1) pre-ICI (if stool col-
lection date occurred day <0 days relative to ICI initiation, (2) ICI
(if stool collection occurred after ICI initiation but before irC
onset), (3) irC-initial (active colitis 0-10 days), (4) irC-late (ac-
tive colitis 11+ days), (5) post-irC (irC resolution). We also re-
ferred to samples collected during pre-ICI and ICI as “pre-irC” to
refer to gut microbiotas collected prior to irC onset.

LC stool sample collection and processing stool collection and
DNA extraction

Fecal samples from patients were prospectively collected at ei-
ther MSK clinical facilities or at home. If collection occurred at
the patient’s home, samples were packed immediately with chill
packs (that were frozen at least 12-24 h before sample collection)
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in styrofoam coolers to be sent to MSK. Patients were instructed
to contact a clinical coordinator as soon as possible to arrange
sample delivery. Patients were instructed to collect stool sam-
ples Monday-Thursday to ensure staff availability to coordinate
sample collection. At the MSK Molecular Biology Facility, stool
samples were aliquoted into cryovials and frozen at -80°C after
collection at the Molecular Biology Facility. Using same-day
delivery, stool specimens were kept on dry ice in an insulated
box until arrival at the Mount Sinai Microbiome Translational
Center (MTC) for storage and preprocessing. Upon arrival at the
MTC, samples were subaliquoted on liquid nitrogen before
storage at -80°C until further processing. To enable DNA
quantification, each fecal sample aliquot size was targeted in the
linear range of fecal DNA protocol, which is ~20-200 mg in
humans. Microbial DNA extraction from stool was conducted
using previously described methods that included bead beating
in phenol:chloroform (Contijoch et al., 2019; Britton et al., 2019).
Quantification of purified DNA was performed using Broad
Range Quant-IT dsDNA Assay Kit alongside a BioTek Synergy
HTX Multi-Mode Reader. We conducted a controlled reproduc-
ibility study by processing and sequencing a subset of 28
samples (from either irC or non-irC patients), consisting of
2 aliquots each from 14 different stool samples from our patient
cohort, at separate times. The aliquots from the same sample
were delivered from MSK to MTC ~9 mo apart. The stool ali-
quots from batch 1 and batch 2 were processed separately, ~2 mo
apart. PCoA demonstrated a close clustering of metagenomic
sequences from the different aliquots of the same microbiota
sample across both batches, indicating minimal experimental
variation with no significant difference by batch (Adonis P value
=1.0).

16S rRNA sequencing

Samples were then prepared for metagenomic shotgun and 16S
rRNA sequencing. For 16S rRNA sequencing, we used custom-
barcoded primers that target and amplify the V4 variable 16S
rRNA region to generate Illumina sequencing libraries as pre-
viously described (Faith et al., 2013). The amplified product was
then purified with Beckman Coulter AMPure XP beads. Prepped
libraries were sequenced on an Illumina MiSeq V2 platform as
per the manufacturer’s instructions. Raw 16S rRNA amplicon
sequences were processed with DADA2 software package’s built-
in algorithms, which included the correction of amplicon
sequencing errors (Callahan et al., 2016). SILVA 16S rRNA se-
quence database served as a reference for pair-end reads merge
and alignment (Quast et al., 2013). The output is an amplicon
sequence variant table. The sequence data files (FASTQ) for all
sequencing samples are stored in the Sequence Read Archive
(SRA) under project number PRJNA1012329 (Table S10).

Metagenomic shotgun sequencing

Metagenomic libraries were prepared with a NEBNext Ultra II
DNA Library Prep Kit, as previously described (Callahan et al.,
2016). DNAse fragmented DNA were then subjected to end re-
pair, Illumina adaptor ligation, and purified/size selected with
Beckman Coulter SPRI beads. We then amplified the ligated
product using custom i5 and i7 index primer using NEBNext
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Ultra Q5 Master Mix. The final products were quantified,
pooled, purified with Beckman Coulter AMPure XP beads, and
finally sequenced using an Illumina HiSeq 4000. For mouse
microbiome samples, sequencing libraries were generated with
the plexWell library preparation kit. MetaPhlAn2 was used to
assign taxonomy and estimate microbial taxonomic relative
abundance (Segata et al., 2011). The output is a MetaPhlAn2
relative abundance taxonomic profile. The sequence data files
(FASTQ) for all sequencing samples are stored in the SRA under
project number PRJNA1012329 (Table S10).

Microbiome analysis

Previously published metagenomic microbial profiles, along
with associated clinical metadata, were sourced from the SSRA
and from the original authors. These sequences were derived
from healthy individuals, patients diagnosed with CD, and from
the CVC of irC. Specifically, for the CVC (Elkrief et al., 2023), we
only included samples from irC patients that were collected
within the first 10 days of active irC manifestation. These met-
agenomic samples were subsequently pooled and analyzed using
MetaPhlAn2. The average raw read counts for human meta-
genomic samples from the LC, CVC, healthy cohorts, and those
with CD was 3,291,931 reads/sample. Healthy and CD samples
were from three metagenomic sequencing runs, so we assessed
for batch effects by evaluating clustering by batch. We found
minimal signs of batch effects across runs as there was a lack
of clustering by batch on PCoA (Adonis P value = 0.36). For
the murine metagenomic samples, the average read count was
1,187,003 reads/sample. Meanwhile, the human 16S rRNA sam-
ples from the LC patient cohort had an average of 54,939 reads/
sample. If multiple intrapatient samples were collected during a
single timepoint bin being analyzed (e.g., two samples collected
at irC-initial from a single individual), then values were either
averaged to ensure equal weighting by subject in the micro-
biome analysis or if using mixed-effects models, adjusted for
within-patient correlations through random effects. For con-
sistency across patients, in patients who developed recurrent
episodes of irC, we focused our analysis on the first episode.
Downstream analysis and visualizations from both metagenomic
and 16S rRNA sequencing were created in R statistical software
(RStudio Team, 2020). R packages utilized for both 16S rRNA
and sequencing analysis and visualizations included phyloSeq
(McMurdie and Holmes, 2013), vegan (Oksanen et al., 2023),
ggplot2, tidyverse, dyplr, and ggpubr. To remove low abundance
taxa that are potential contaminants, we removed ambiguously
annotated phylum (e.g., “NA”) and filtered out taxa present in
<2% of samples. Next, we retained taxa present above 0.1%
relative abundance in at least one sample. For consistency, this
filtering threshold was uniformly applied to murine samples and
human samples from all cohorts. We employed a Bray-Curtis
distance matrix to generate intrapatient distances between
paired samples at different timepoints. Inter-patient Bray-Curtis
distances were calculated on taxa relative abundance and com-
pared using PERMANOVA with 999 permutations. Visual rep-
resentation was generated on PCoA of Bray-Curtis distances of
taxon-relative abundances. Additionally, taxonomic composi-
tion plots were generated based on average relative abundance
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of phylum between groups or timepoints within groups.
MaAsLin2 was used to identify significant taxa while adjusting
for potential confounders and linear model as an input pa-
rameter. Alpha diversity and observed richness (the number of
operational taxonomic units observed at least once in a sample)
were calculated on raw, unfiltered data. Observed richness
was calculated using estimate_richness, and alpha diversity was
calculated following the Shannon alpha diversity formula:

- zs: Piln(Pi)
i1

where P; is the proportion of total sample represented by taxa i
and S is the number of taxa (Shannon, 1948).

DNA-based microbiota density

To understand how population density within a microbial eco-
system could influence irC, we utilized microbiota density by
using previously established methodologies to process stool
samples that have been shown to be unaffected by fecal water
content (Contijoch et al., 2019; Faith et al., 2011; Llewellyn et al.,
2018). Microbiota density was defined as the ratio of the total
DNA (in pg) extracted from each stool sample to the total mass of
the sample (in mg). To compute the microbial taxa’s absolute
abundance, we multiplied the microbiota density measurement
by the microbial taxa’s relative abundance in a sample.

Gnotobiotic mice

Under strict sterile conditions, germ-free C57BL/6] and C57BL/6]
Ragl~/~ mice were bred in flexible vinyl isolators at the Mount
Sinai Precision Immunology Institute Gnotobiotic Facility. After
weaning, germ-free mice were aseptically transferred outside of
breeding isolators for human microbiome colonization. A single
oral gavage delivered 200 pl of a fecal slurry prepared from a
human stool sample. Following colonization, mice were housed
in autoclaved, filter-top cages. In addition, all bottles, food, and
drinking water were autoclaved before use. All animal studies
presented in this study were approved by the Institutional An-
imal Care and Use Committee of Icahn School of Medicine and
were performed in accordance with approved animal experi-
mentation guidelines at the Icahn School of Medicine at Mount
Sinai.

Human fecal samples preparation for oral gavage

Under strict anaerobic conditions, ~400 mg of pulverized stool
was blended into a fecal slurry, using previously described
methods, passed through sterile 100 um strainers for debris
removal, and diluted 1:20 in LYBHIV4 media with a final con-
centration of 15% glycerol (Britton et al., 2020). Fecal slurries
were stored at -80°C until needed for oral gavage.

TCT gnotobiotic colitis model

TCT experiments were conducted as previously described
(Britton et al., 2019, 2020). Briefly, splenic naive CD4 T cells
(CD45RBM, CD25°) were isolated from 7-9-wk-old donor-
specific pathogen-free C57BL/6] mice (The Jackson Laboratory)
after tissue dissociation. Negative selection magnetic beads
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(Magnisort; eBioscience) were utilized to enrich for red cell
blood lysis CD4* T cells. Following enrichment, cells were
stained for CD4, CD25, and CD45RB. Flow cytometry was utilized
to sort the cell fraction of interest at a purity of at least 98%.
Sorted cells were washed three times with sterile PBS before
intraperitoneal injection into recipient Ragl~/~ mice. Each mouse
received 1 x 106 CD45RBHIi T cells in 200 pl of sterile PBS. Donors
and recipients were sex-matched (Table S10).

Prior to TCT (analyzed as “week 0”), receipient mouse’s body
weight and fecal pellets were collected. Following colitis induc-
tion by TCT, weekly collection of body weight occurred. We
collected fecal pellets starting at week 4. Any mouse that died
before week 3 was excluded from the analysis. Any mouse that
died at or after 3 wk prior to the experimental endpoint had
their data carried forward and included in the data for subse-
quent weekly timepoints. The experimental endpoint was either
week 7 or 8 after TCT induction at which stool and colon samples
were collected. Stool samples were stored at -80°C until further
processing so that shallow metagenomics could be performed on
fecal pellets to determine gut microbiota composition and ana-
lyzed as described above for metagenomic sequences. Stool
samples were also used to quantify lipocalin2 (LCN2) levels.
LCN2, colon length, and histology scores were averaged by mi-
crobiota donor source prior to statistical analysis.

Lipocalin

Intestinal inflammation was assessed using LCN2 concen-
trations in fecal samples. Sterile tubes, pre-weighed and bar-
coded, were used for collecting fecal pellets. These samples were
then stored at —-20°C until needed for analysis. For analysis, each
pellet was weighed and mixed with sterile PBS in a volume (in
pl) that corresponded to 10 times the pellet weight (e.g., 10 mg
pellet was resuspended in 100 ul of PBS) before being homoge-
nized with a BeadBeater for 2 min without any beads present.
After this, the tubes underwent centrifugation at 4,000 rpm for a
duration of 20 min. The supernatant obtained was then used for
sandwich ELISA (sourced from R&D systems) to determine the
LCN2 levels. These concentrations were subsequently adjusted
based on the initial fecal weight. For controls, we utilized stool
derived from an IL10~/~ mouse with known colon tumors that
had been shown to have high lipocalin levels consistently across
different assay operators.

Colon collection and histology

For the TCT gnotobiotic model, the colon was dissected from the
animal at the experimental endpoint. Upon tissue collection,
fixation occurred in 10% buffered formalin for 24-48 h before
transfer to 70% ethanol. Paraffin embedding, serial sectioning,
glass placement, and Hematoxylin and Eosin (H&E) staining
were conducted at HistoWiz Inc. Slides were then scanned to
create whole slide image and then evaluated by a board-certified
gastrointestinal pathologist in a blinded manner. Sections of
colons from the TCT experiment were scored according to his-
tological criteria (Tables S3 and S4) selected by the pathologist,
based on a previous study (Koelink et al., 2018). Eight histo-
logical components were assessed: inflammatory infiltrate,
goblet cell loss, hyperplasia, crypt density, muscle thickness,
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submucosal infiltration, ulceration, and crypt abscesses (all scored
from O to 3). A total histological severity score, ranging from 0 to
24, was obtained by summing the eight-item scores. For FMT
donor source-agonistic analysis, we calculated the quantiles of
total colon histology scores using the quantile function in R and
filtered the dataset to retain only the samples in the lowest and
highest quantiles based on their total histology severity scores.

Statistical analysis
Statistical analysis was performed using R Statistical Language
(version 4.0.5) or Prism 8 (GraphPad). Wilcoxon or Mann-
Whitney test was performed for cross-sectional intergroup
comparisons of microbiome profiles when appropriate where
P < 0.05 threshold was applied for statistical significance with
two-sided comparisons unless otherwise indicated. For beta di-
versity analysis using Bray-Curtis distances, we calculated
PERMANOVA values using adonis from the vegan (Oksanen
et al., 2023) package with 999 permutations. Longitudinal and
intragroup comparisons were analyzed using linear mixed ef-
fects models while adjusting for potential confounders. For ex-
ample, non-independence between samples was accounted for
using a mixed-effect linear model with either lme4 or with
MaAsLin2 for microbiome taxonomic features.

For cross-sectional intergroup comparisons for TCT analysis
(e.g., Shannon diversity at a single timepoint), we used the fol-
lowing model:

measurement ~ human_donor _colitis_status
+ (1| donor_microbiota)

that accounts for the non-independence between replicate
mice colonized with the same donor microbiota.

To calculate differences in weekly weights between mice
colonized with either irC and non-irC-associated microbiotas,
we applied a linear mixed-effect model (Imer model) using Ime4
and ImerTest in R, where linear mixed model fit by restricted
maximum likelihood with P value estimations using Sat-
terthwaite’s method ImerModLmerTest. The response variable
was modeled using the following formula:

measurement ~ human donor_colitis_status » week

+ (1| donor_microbiota) + [1|(donor_microbiota/mouse;q)]

where fixed effects specified the interaction between human
donor colitis status and the week of weight collection to assess
how the colitis status of the human donor and the week affect
the measurement. Random effects included a random intercept for
microbiota to account for variability due to different microbiota
donor stools colonized in multiple mice. Additionally, a nested
random intercept at the level of individual mice within each mi-
crobiota donor group accounted for the non-independence of
measurements taken from the same mouse over time.

For intragroup comparisons (e.g., longitudinal Shannon di-
versity in irC patients only), we applied the model:

measurement ~ time point + (1|patient,,)

to account for the non-independence of repeated measures
from the same individual.
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In both mouse and human analysis, MaAsLin2 was applied to
identify associations between microbiome features and meta-
data with random effects when appropriate to de-confound non-
independence among mice with the same patient microbiota or
if repeated measures were taken from the same mouse or pa-
tient. MaAsLin2 adjusts for multiple hypothesis testing using the
BH procedure. The statistical significance threshold for g-value
was q < 0.30. Prior to MaAsLin2 application, we agglomerated to
the taxa-level of interest (either genus or species level) and
added a pseudo-count to each feature by calculating two orders
of magnitude below the minimum non-zero value in the dataset.
Center log-ratio transformation was applied to the pseudo-
count-adjusted data to normalize the data by scaling each feature
relative to the geometric mean of all features in the sample,
facilitating the comparison across samples (Gloor et al., 2017).

Online supplemental material

Fig. S1 shows pre-ICI microbiome comparisons (Shannon di-
versity, microbiota density, and beta diversity) between irC
versus non-irC patients and supporting data for colitogenicity in
baseline microbiome composition via FMT to ex-germ-free mice
and exacerbation of murine colitis in the TCT model. Data in
panels A-C are supplemental to Fig. 1, A-C, and data in panels
D-F are supplemental to Fig. 1, D-F. Fig. S2 shows the schema of
indicated timepoints used for analysis in ICI-treated patients
with subsequent irC development and analysis of microbiome
markers of non-irC patients and irC-patients, with a comparison
of microbial composition with the validation cohort. Data in
panels G-I are supplemental to Fig. 3, A-C. Fig. S3 displays
taxonomic composition at the phylum level and the absolute
abundance of select taxa in irC and non-irC patients at distinct
timepoints. Data in panels A-D are supplemental to Fig. 4, A and
B, and data in panels E-H are supplemental to Fig. 4, D-G.
Supplemental tables present clinical metadata, biosample acces-
sion numbers, summary statistics, and other information. Table S1
shows the patient clinical summary. Table S2 lists subject char-
acteristics. Table S3 lists histology scores of irC severity in mice
after colitis induction by TCT. Table S4 shows the total colitis
severity score in mice after colitis induction by TCT averaged by
microbiota donor. Table S5 shows metadata and metagenomic
sequences of mice before and after irC induction by TCT. Table
S6 shows MaAsLin2 bacteria analysis at pre-TCT or post-TCT
timepoints in irC-associated microbiota-colonized mice. Table
S7 lists the characteristics of healthy and Crohn’s subjects. Table
S8 lists differential genera at irC-initial (first 10 days of active
irC) versus pre-irC microbiome samples in irC patients using
MaAsLin2 linear mixed effect model. Table S9 lists differential
species at irC-initial (first 10 days of active irC) versus pre-irC
microbiome samples in irC patients using MaAsLin2 linear
mixed effect model. Table S10 shows sample accession numbers
for human and mouse gut microbiota sequences.

Data availability

The sequence data files (FASTQ) for all LC human and murine
sequencing samples are stored in the Sequence Read Archive
(SRA) under project number PRJNA1012329. Sequence data files
for CVC metagenomic sequencing samples are available in the
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SRA under project number PRJNA961175 with specific irC-initial
samples: SRR24288413, SRR24288446, SRR24288462,
SRR24288437, SRR24288426. Sequences from healthy individuals
and Crohn’s disease patients are available under accessions
PRJNA637878 and PRJNA946744. The donor metadata and acces-
sion numbers used in this paper are also available in online sup-
plemental materials.
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Figure S1. Colitogencity in microbiomes of irC patients prior to irC development and FMT to gnotobiotic mice exacerbates murine colitis in the TCT
model. (A and B) Comparison of 165 rRNA Shannon diversity (A) and microbiota density (B) between gut microbiomes sampled prior to ICl initiation between
irC (n = 10) and non-irC patients (n = 15) by Mann-Whitney (A, P = NS, B, P = NS). (C) PCoA plot of Bray-Curtis dissimilarity of fecal microbiota sampled prior to
ICl initiation and assessed by metagenomic sequencing in patients who eventually develop irC (n = 10, red) or remain irC-free (n = 15, blue) (PERMANOVA P =
0.71). (D) Weekly body mass percentage (relative to week 0 weight) after TCT in Ragl~/~ mice, grouped by microbiota donor (red = irC patient, blue = non-irC
patient). Presented as averaged weekly relative body mass (bolded red or blue line) of each microbiota donor and individual murine body mass (thin black line).
(E and F) (E) Comparison of LCN2 (right, P = NS) of irC-colonized (red) versus non-irC-colonized (blue) mice 6 wk after TCT or (F) colon length (mm) at sacrifice
endpoint. Individual dots represent the average by microbiota donor. Plots D-F used three to seven mice colonized per human microbiota donor, and plots D-F
involved analysis of 67 mice (experiment 1: n = 19, 2: n = 24, 3: n = 24) colonized with 19 human microbiotas (n = 10 irC patients, n = 9 non-irC patients). Plot F
used 15 microbiota donors, combined using two independent TCT experiments two and three. Error bars represent mean + SEM. NS P >0.05 by Mann-Whitney.
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Figure S2. Microbiome markers of non-irC patients and irC-patients and comparison of microbial composition with validation cohort. (A) Schematic
representation of the temporal progression of ICI-treated patients who develop irC, marked by significant clinical events: first ICl dose, irC onset, irC resolution.
Timepoints are categorized into distinct segments: pre-ICl, ICl, irC-initial (0-10 days post-onset), irC-late (11+ days post-onset), and post-irC (resolution of irC
symptoms). Of note, pre-ICl and ICl pooled together are referred to as “pre-irC” to represent the time segment preceding irC onset. The continuous observation
of the prospective LC spans the entire timeline, from pre-ICl to post-irC. CVC is a cross-sectional validation cohort and focuses specifically on the irC-initial
segment. DO and D10 indicate the start and end of the irC-initial phase, respectively. (B-D) Shannon diversity using 16S rRNA sequencing data (P = NS) (B) or
microbiota density (P = NS) using linear mixed model (C) or PCoA on Bray-Curtis distances of metagenomic profiles (D) to compare microbiota composition of
Pre-ICI (circle) and Pre-irC microbiomes (triangle) from LC using PERMANOVA (P = NS) of irC patients microbiomes collected before ICl initiation and at ICI.
(E and F) Shannon diversity using 16S rRNA sequencing data (E) and microbiota density (F) of non-irC microbiomes (blue) collected before ICl initiation and 5-7
wk after ICl initiation (follow-up) (E, P = NS; F, P = NS). Linear mixed model fit by restricted maximum likelihood. (G) Temporal Shannon diversity using
metagenomic profiles at distinct irC disease stages using linear mixed model to compare Shannon values at pre-irC versus irC-initial (P = 0.015, irC-late (P =
NS), post-irC (P = NS). (H) Microbiota profiles change (Bray-Curtis distances) over time within individuals (red = irC patients, blue = non-irC patients) using 165
rRNA sequencing data. Intrapatient comparison of microbiome in nine non-irC patients with paired stool samples collected at pre-ICl and follow-up (5-7 wk
post-ICl initiation). For irC, intrapatient comparison of paired stool samples was collected at (1) pre-irC and active irC (irC-initial/irC-late) (in eight patients) (P =
0.0037, q = 0.0074) or (2) pre-irC and post-irC (in three patients, P = 0.064, q = 0.064). Mann-Whitney with BH for adjustment. (1) PCoA plot on Bray-Curtis
distances to compare metagenomic profiles of microbiota composition by PERMANOVA (P = NS) of irC-initial microbiomes between patients from CVC and LC
(red). Mann-Whitney *P < 0.05, **P < 0.01, NS P > 0.05. Linear mixed model fit by restricted maximum likelihood with P value estimations using Sat-
terthwaite’s method “ImerModLmerTest.”
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Figure S3. Taxonomic composition at phylum-level and absolute abundance of select taxa in irC and non-irC patients. (A-C) Relative abundance of
operational taxonomic units at the phylum level (A) of irC patients from LC at five timepoints (pre-ICl, ICl, irC-initial, irC-late, and post-irC) or (B) of non-irC from
LC at pre-ICl and follow-up (5-7 wk after the first dose of ICI) or (C) irC-initial gut microbiomes from irC patients of validation cohort, CVC. Each bar represents
the average fecal microbiota composition at the indicated timepoint within a patient group. (D) Absolute abundance at phylum level of non-irC patients at pre-
ICI and follow-up (5-7 wk after the first dose of ICI). (E-H) Temporal dynamic changes in the absolute abundances of (E) Faecalibacterium prausnitzii, (F)
unclassified Oscillibacter species, (G) Proteobacteria phylum, and (H) Veillonella genus in irC patients of LC at pre-irC, irC-initial, irC-late, and post-irC relative
abundance from metagenomic profiles and microbiota density were used to calculate each taxa’s absolute abundance. Each symbol represents data from an
individual patient; boxplot displays a central line presenting the median, accompanied by a box that encloses the interquartile range (IQR) and extends whiskers
up to the farthest data point within 1.5 times the IQR.

Provided online are 10 tables. Table S1 shows the patient clinical summary. Table S2 lists subject characteristics. Table S3 lists
histology scores of irC severity in mice after colitis induction by TCT. Table S4 shows the total colitis severity score in mice after
colitis induction by TCT averaged by microbiota donor. Table S5 shows metadata of mice before and after irC induction by TCT.
Table S6 shows MaAsLin2 bacteria analysis at pre-TCT or post-TCT timepoints in irC-associated microbiota-colonized mice. Table S7
lists characteristics of healthy and Crohn’s subjects. Table S8 lists differential genus at irC-initial (first 10 days of active irC) versus
pre-irColitis microbiome samples in irC patients using MaAsLin2 linear mixed effect model. Table S9 lists differential species at irC-
initial (first 10 days of active irC) versus pre-irColitis microbiome samples in irC patients using MaAsLin2 linear mixed effect model.
Table S10 shows sample accession numbers for human and mouse microbiota sequences.
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