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Intestinal toxicity to CTLA-4 blockade driven by IL-6
and myeloid infiltration
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Immune checkpoint blockade (ICB) has revolutionized cancer treatment, yet quality of life and continuation of therapy can be
constrained by immune-related adverse events (irAEs). Limited understanding of irAE mechanisms hampers development of
approaches to mitigate their damage. To address this, we examined whether mice gained sensitivity to anti-CTLA-4
(aCTLA-4)-mediated toxicity upon disruption of gut homeostatic immunity. We found aCTLA-4 drove increased inflammation
and colonic tissue damage in mice with genetic predisposition to intestinal inflammation, acute gastrointestinal infection,
transplantation with a dysbiotic fecal microbiome, or dextran sodium sulfate administration. We identified an immune
signature of aCTLA-4-mediated irAEs, including colonic neutrophil accumulation and systemic interleukin-6 (IL-6) release. IL-6
blockade combined with antibiotic treatment reduced intestinal damage and improved aCTLA-4 therapeutic efficacy in
inflammation-prone mice. Intestinal immune signatures were validated in biopsies from patients with ICB colitis. Our work
provides new preclinical models of aCTLA-4 intestinal irAEs, mechanistic insights into irAE development, and potential
approaches to enhance ICB efficacy while mitigating irAEs.

Introduction

Therapeutic blockade of immune checkpoint mechanisms has
provided the most significant breakthrough in cancer treatment
in the past decade with demonstrated clinical success in con-
trolling a variety of aggressive tumors (Curran et al., 2010;
Hellmann et al., 2018; Hodi et al., 2018; Leach et al., 1996; Motzer
et al,, 2018). These treatments are unique in that they target the

suppress immune checkpoint molecules involves antibody-
mediated blockade of regulatory surface proteins on T cells
(Wei et al., 2018). For instance, anti-cytotoxic T lymphocyte
antigen-4 (aCTLA-4) prolongs T cell costimulation, T cell acti-
vation, and T cell-mediated antitumor immunity (Joosse et al.,
2019; Leach et al., 1996; Pedicord et al., 2011; Wei et al., 2018).

host immune system and not tumors and operate by unleashing
or reinvigorating antitumor immunity. A common strategy to

Clinically, aCTLA-4 has demonstrated potent ability to control
highly lethal tumors such as metastatic melanoma and significantly
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prolong the lifespan of cancer patients who previously had few
therapeutic options (Hellmann et al., 2018; Hodi et al., 2018; Motzer
et al., 2018).

As immune checkpoint blockades (ICBs) such as aCTLA-4
have been advanced in the cancer clinic, it is apparent that these
therapies can also lead to off-target tissue toxicities or immune-
related adverse events (irAEs; Das and Johnson, 2019; Dougan
et al., 2021; Postow et al., 2018). Approximately, 50% of patients
treated with ICB experience one or more irAEs (Esfahani et al.,
2020). These events cause additional morbidities and may lead
to discontinuation of therapy or, in rare instances, death. ICB-
associated irAEs arise unpredictably during therapy or following
completion, yet little is understood about the mechanisms
that drive their development. Nonetheless, expanding use of
aCTLA-4 in cancer patients is desirable. This is due to the ability
of aCTLA-4 to promote long-lasting T cell-mediated antitumor
immunity that persists after completion of therapy, the distinct
mechanism of aCTLA-4 alone or in combination with anti-
programmed cell death protein 1 (aPD-1), and the increased
use of aCTLA-4/aPD-1 combination therapy, which demon-
strates improved tumor control versus single agent treatments
(Larkin et al., 2015; Pedicord et al., 2011; Wei et al., 2017; Wei
et al., 2019). Therefore, delineating the underlying mechanisms
of aCTLA-4-mediated irAEs and developing approaches to mit-
igate tissue toxicity are crucial needs.

While multiple immunological mechanisms have been pro-
posed for irAEs (Dougan et al., 2021), roles for T cells have been
studied most extensively. For example, aCTLA-4 treatment is
associated with a rapid diversification of CD4* and CD8* T cell
repertoires and the generation of self-reactive clonotypes in
cancer patients (Oh et al., 2017), consistent with CTLA-4 inhib-
itory function during T cell priming. Moreover, CD8* T cells
with enhanced cytotoxic and proliferative states appeared to
originate from tissue-resident populations in ICB-associated
colitis (Luoma et al., 2020). By contrast, there is little insight
into whether the innate immune system contributes to irAEs
despite the fact that innate subsets regulate T cell tolerance and
have key roles in inducing and shaping T cell responses.

Many common irAEs occur at barrier sites between the en-
vironment and host tissues (Dougan, 2017; Dougan and
Pietropaolo, 2020). For instance, aCTLA-4 therapy is associ-
ated with a high risk of colitis, including debilitating grade 3-4
intestinal irAE. Homeostasis of barrier sites is regulated by a
complex network of immune responses, including principle
activities of myeloid and dendritic cell (DC) subsets that mediate
tolerance to the host microbiome. These findings collectively
suggest disruptions in immune homeostasis predispose or con-
tribute to ICB-driven irAEs, yet the toxicity of aCTLA-4 at bar-
rier sites has been difficult to replicate in mice. To address this
gap, we utilized mice genetically predisposed to intestinal in-
flammation, infected with an acute gastrointestinal pathogen,
transplanted with a dysbiotic fecal microbiome, or treated with
dextran sodium sulfate (DSS) to evaluate aCTLA-4-driven in-
testinal toxicity. These models revealed irAE-driving mecha-
nisms, including neutrophil accrual and systemic IL-6 release,
which allowed us to develop therapeutic interventions to miti-
gate intestinal toxicity and improve aCTLA-4-mediated tumor
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control. We validated our models by comparison to immune
signatures in human ICB-associated colitis, underscoring their
utility. Collectively, our work provides mechanistic insight into
irAE development and novel preclinical models for further
identification of strategies to mitigate aCTLA-4-associated
irAEs.

Results

Disruption of homeostatic immunity reveals aCTLA-4-
mediated intestinal toxicity

We used an inflammation-prone mouse model with a defined
genetic lesion to evaluate whether disruption of homeostatic
immunity predisposes to aCTLA-4-mediated intestinal toxicity.
The CDllc-Cre* Stat3f mice (Stat3”/2) have a deletion of the
transcription factor STAT3 from DCs, which activate naive T
lymphocytes. In DCs, STAT3 restrains expression of cos-
timulatory molecules and cytokines upon encounter with TLR
agonists (Chrisikos et al., 2020; Chrisikos et al., 2022; Hillmer
etal., 2016; Melillo et al., 2010; Zhang et al., 2014). Thus, Stat3%/2
mice are prone to autoinflammatory colitis due to loss of
STAT3 anti-inflammatory function, hyperactive responses of
DCs to the intestinal microbiome, and increased T cell activity.

Adult Stat32/2 mice were challenged with B16-OVA mela-
noma tumors and treated with aCTLA-4 or control IgG. Stat34/4
mice on aCTLA-4 therapy failed to gain body weight over time,
in contrast to control groups (Fig. 1, A and B). Histological ex-
amination revealed exacerbated colon damage in this cohort,
accompanied by crypt hyperplasia and increased inflammatory
and neutrophilic infiltrates (Fig. 1, C and D; and Table S1).
aCTLA-4-treated Stat3*/2 mice also showed significant accu-
mulation of proinflammatory factors in colon tissue, including
IFN-y, IL-10, IL-1B, TNF-a, and CXCL2 (Fig. 1, E and F). A number
of other factors such as IL-6, G-CSF, IL-17A, and CXCL1 followed
a similar trend of enrichment in Stat3*/2 mice on aCTLA-4
(Fig. 1, E and F). By contrast, none of the measured cytokines or
chemokines were induced significantly upon aCTLA-4 treat-
ment in Stat3*/* mice (Fig. 1, E and F). Collectively, our data
suggest a discrete group of proinflammatory factors as candi-
dates mediating intestinal tissue toxicity in aCTLA-4-treated
Stat3%/2 mice.

To confirm the specificity of our Stat3*/2 model, we evaluated
CDlic and STAT3 expression within colonic lamina propria (LP)
immune subsets. Lymphoid cells express low to undetectable
amounts of CDllc; myeloid populations such as macrophages,
monocytes, and neutrophils express intermediate amounts of
CDlic; and DCs express the highest amounts of CDllc (Fig. 1 G
and Fig. S1, A and B). STAT3 was efficiently depleted from co-
lonic LP DCs but not other myeloid cells in Stat32/2 mice
(Fig. 1 H), thus validating the specificity of Stat3 targeting.

aCTLA-4 remodels the intestinal immune repertoire in
inflammation-prone conditions

We next evaluated immunological mechanisms of intestinal
toxicity using unbiased high-dimensional immune profiling. We
conducted single-cell RNA sequencing (scRNAseq) of CD45*
colonic LP immune cells purified from melanoma-bearing
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Figure 1. aCTLA-4-mediated intestinal toxicity in inflammation-prone mice. Stat3%/2 and Stat3*/* mice bearing B16-OVA tumors were treated biweekly
for 2 wk with 1gG or aCTLA-4 beginning 4 d after tumor establishment, as indicated. Body weight was measured over time. Colon pathology was evaluated
18-19 d following tumor establishment. (A) Schematic diagram of the experimental approach. (B) Body weight over time; n = 21 per group. (C) Representative
photomicrographs of colonic mucosa; intense inflammatory infiltrate in the LP (arrowheads) and crypt hyperplasia (arrow) are indicated; scale bar = 100
microns; H&E. (D) Summed scores for histopathology, neutrophil infiltrate, mixed inflammatory cell infiltrate, and crypt hyperplasia are shown; n = 18-24 per
group. (E) Mean concentration of differentially expressed cytokines and chemokines in colon tissue (fold change absolute log, > 1), determined by multiplex
assays. Results were normalized to Stat3*/* + IgG group and transformed to logy; n = 6-9 per group. (F) Cytokine concentration in colon tissues from individual
mice (each mouse represented by one dot) determined by multiplex assays; n = 6-9 per group. (G) CD11c expression on colonic LP immune cells. (H) In-
tracellular staining of STAT3 in colonic LP myeloid cells. Data shown as mean + SEM. Results from two to five independent experiments. Data were analyzed by
two-way ANOVA (B), one-way ANOVA (D and F). * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.

Stat3*/* and Stat3*/2 mice treated with aCTLA-4 or control IgG.
The scRNAseq data, representing 14,039 cells from our four
experimental groups, were concatenated and graphed using
unsupervised clustering to identify transcriptionally related
populations. This resulted in elaboration of 19 discrete clusters,
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including 16 immune and 3 nonimmune clusters (Fig. 2 A).
Importantly, each immune cluster (clusters 0-15) contained cells
from all experimental groups (Fig. 2 B and Fig. S1 C). To estimate
the identity of clusters, we assessed expression of canonical
lineage-associated genes and compared differentially expressed
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Figure 2. aCTLA-4 therapy remodels the intestinal immune landscape in inflammation-prone conditions. Stat3%/2 and Stat3*/* mice bearing B16-OVA
tumors were treated biweekly for 2 wk with 1gG or aCTLA-4. Colonic LP immune cells (live CD45* cells) were isolated by FACS 18-19 d after tumor es-
tablishment and completion of therapy. (A-G) Colonic LP immune cells were subjected to scRNAseq. (A) UMAP plot showing distinct clusters generated from a
merged dataset of the four experimental groups, based on transcriptomic analysis of 14,039 individual cells. Results represent 4,461 cells from the Stat3*/* +
IgG group, 4,734 cells from the Stat3*/* + aCTLA-4 group, 1,341 cells from the Stat3%’2 + IgG group, and 3,503 cells from the Stat3%/2 + aCTLA-4 group; from
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seven to eight mice per group. Dimensionality reduction analysis identified 16 major immune clusters and three minor nonimmune clusters. (B) Proportion of
individual clusters in each experimental group. (C) Dot plots of selected cluster-defining genes. (D) Feature plots of combined groups depicting single-cell
mRNA expression of proinflammatory factors. (E) Dot plots showing differentially expressed cytokines and chemokines in T cell and myeloid clusters among
experimental groups. (F) Expression module scores of Gene Ontology terms (inflammation, chemotaxis, innate immune response, and Th1 function) computed
for the aggregated dataset of individual experimental groups. (G) Analysis of cytokine and chemokine receptor-ligand pairs across clusters of each experi-
mental group. All shown interactions were statistically significant based on a permutation test. Arrows denote directionality from ligand to receptor. (H-J) Colonic LP
immune cells were analyzed by multiparameter flow cytometry. (H) tSNE plots showing unsupervised analyses of merged live myeloid cells (CD11b* or CD11c*) from
the four experimental groups (left); tSNE plots of aggregated myeloid cells of individual experimental groups (right); n = 7 in each group. (1) tSNE plot showing
prospective analyses of merged live lymphoid cells (CD90.2* or CD19*) from colonic LP from the four experimental groups; n = 7 per group. (J) Absolute counts of
neutrophils, monocytes, Thl, and Treg cells in colonic LP; n = 7 per group. Data shown as mean + SEM. (H-J) Results from two independent experiments. Data were

analyzed by one-way ANOVA (F and J). * P < 0.05, **** P < 0.0001.

genes to their representation in immune lineages according to
the ImmGen database (Fig. 2 C, Fig. S1, D and E, and Table S2).
The lymphoid compartment consisted of two RORa* innate
lymphoid cell clusters (clusters 7 and 8), six distinct B cell
clusters (clusters 0, 1, 6, 11, 13, 14), and single clusters of CD4* T
effector (Teg) cells (cluster 2) and Foxp3* T cells (cluster 9).
Interestingly, two additional lymphoid subpopulations appeared
to cluster on the basis of their functional markers rather than
their known cellular subtype. Cluster 3 contained a mixture of
both CD4* T and CD8* T cells lacking or expressing low levels of
Ifng and Cd44, while expressing higher Ccr7 and Sell (CDé62L) as
compared with other lymphocyte clusters, suggesting a less ac-
tivated phenotype (Fig. 2 C and Table S2). This cluster was de-
fined as CD4* T, CD8* T cells. Cluster 10 contained activated
CD8* T cells as well as natural killer T (NKT) cells and was de-
fined as CD8* T, NKT (Fig. 2 C and Table S2). The myeloid
compartment included discrete clusters of neutrophils (cluster
12) and CX3CR1* macrophages (cluster 15). In addition, we
identified a cluster representing cells with myeloid and mono-
cyte features (cluster 4, defined as myeloid/monocytic cells) and
a separate cluster enriched for macrophage and DC genes
(cluster 5, defined as myeloid phagocytes; Fig. 2 C, Fig. S1, D and
E, and Table S2). Cross-genotype assessments showed increases
in the relative proportions of neutrophils, myeloid/monocytic
cells, myeloid phagocytes, Foxp3* T cells, and CD4* T cells in
Stat3*/2 mice, while the frequencies of mature B cell clusters
were decreased (Fig. 2 B). Moreover, aCTLA-4 therapy drove
substantial increases in neutrophils and myeloid/monocytic
cells in Stat3/ mice relative to other groups including the
Stat32/2 1gG controls (Fig. 2 B), suggesting myeloid infiltration is
associated with intestinal toxicity.

To address the source(s) of candidate toxicity-driving soluble
factors, we mapped the expression of cytokines and chemokines
to discrete immune clusters (Fig. 2 D and Fig. S2 A). This process
identified neutrophils, myeloid/monocytic cells, and myeloid
phagocytes as major producers of Illa, Illb, and Cxcl2. Innate
lymphoid cell and T cell populations were enriched for Ifng,
while both myeloid and lymphoid subsets produced Tnfa
(Fig. 2 D). Further evaluation revealed that myeloid and T cell
populations were responsible for expression of the majority of
cytokine and chemokines analyzed (Fig. S2 B). The percentage of
cells expressing inflammatory cytokine and chemokine tran-
scripts or the intensity of their expression on a per-cell basis was
increased in these immune clusters in aCTLA-4-treated Stat3/4
mice (Fig. 2 E and Fig. S2 B). Of note, we observed increases in
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the IFN-y-responsive genes Cxcl9 and Cxcll0, as well as IL-1a/
B-responsive Cxcl2, consistent with elevated IFN-y, IL-1a, and
IL-1B in colon tissues of aCTLA-4-treated Stat3*/ mice (Fig. 2 E
and Fig. 1 F). In addition, the CD8* T, NKT and CD4* T, CD8* T
clusters showed enhanced expression of cytotoxic factors, such
as Gzma, Gzmb, or Gzmk, in aCTLA-4-treated Stat3*/% mice (Fig.
S2 C). By contrast, aCTLA-4 therapy had minimal effect in
Stat3*/* mice on the expression of cytokine, chemokine, or cy-
totoxic genes (Fig. 2 E and Fig. S2, B and C). These data indicate
aCTLA-4 treatment activates inflammatory and cytotoxic genes
in myeloid, CD4* T.s, and CD8* T, NKT immune subsets in the
colonic LP of inflammation-susceptible mice.

We next evaluated the gene set activity scores at both ex-
perimental group and cluster levels to assess the collective in-
fluence of aCTLA-4 therapy. The group level scores indicated
that colonic LP cells from aCTLA-4-treated Stat3*/2 mice had
increased expression of genes associated with immune activa-
tion, including inflammation, chemotaxis, innate immune re-
sponse, and T helper 1 (Th1) function (Fig. 2 F and Fig. S3 A). The
cluster level scores within specific experimental groups showed
immune pathway activation in the majority if not all immune
populations in Stat32/2 mice treated with aCTLA-4 (Fig. S3 B). In
addition, a number of cytokine and receptor pairs were signif-
icantly upregulated in aCTLA-4-treated Stat3*/2 mice, including
Cxcl9/Cxcl10/Ccl2/Ccl4/Ccl5 and Cer3, Illa/Ilb and IlIr2, Tnf and
Tnfrsfla/Tnfrsflb, Ifnbl and Ifnarl/Ifnar2, as well as Ili7a and Il17ra
(Fig. 2 G, Fig. S3 C, and Table S3). Collectively, our data suggest
aCTLA-4 treatment in inflammation-prone conditions drives
immune-activating transcriptional responses and cellular func-
tions of colon-infiltrating immune cells, which may contribute
to aCTLA-4-mediated toxicity.

To further validate intestinal immune responses in melanoma-
bearing mice during aCTLA-4 treatment, we performed multi-
parameter flow cytometry of colonic LP and intestinal draining
lymph node (mesenteric LN [mLN]) subsets (Fig. 2, H-J; and
Fig. S4, A-C). Evaluation of colonic LP data by prospective and
unsupervised clustering analyses confirmed enrichment of
neutrophils and IFN-y* CD4* Thi cells in Stat3*/2 mice during
aCTLA-4 therapy (Fig. 2, H-J), consistent with our scRNAseq
results. Moreover, Stat32/2 mice treated with aCTLA-4 showed
a trend toward elevated monocytes, Foxp3* T cells (Treg), type
1 conventional DCs (cDCls), and cDC2s in the colonic LP (Fig. 2]
and Fig. S4 A). By contrast, aCTLA-4 therapy did not signifi-
cantly affect the abundance of immune populations infiltrating
the colonic LP in Stat3*/* mice (Fig. 2] and Fig. S4 A). Total mLN
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cellularity was increased by aCTLA-4 therapy in Stat3*/2 mice,
as well as the abundance of other immune populations analyzed
(Fig. S4 B). In addition, expression of the costimulatory mole-
cule CD80 was increased on mLN-associated cDCls and cDC2s
in aCTLA-4-treated Stat3*/ mice, while MHC-II expression
was reduced (Fig. S4 C), suggesting an altered activation state.
These data confirm specific increases in infiltrating neutrophils
and Thl subsets in colonic LP associated with intestinal irAE
and imply general immune activation in mLNs.

aCTLA-4 drives IL-6 release and myelopoiesis in inflammation-
prone mice

We next evaluated whether systemic factors or cellular re-
sponses were associated with intestinal tissue toxicity in
melanoma-bearing mice. Treatment with aCTLA-4 stimulated
specific proinflammatory factors in the circulation of Stat3*/2
mice, including G-CSF, IFN-y, IL-6, and TNF-a (Fig. 3, A and B).
Additional cytokines were induced by aCTLA-4 therapy in both
genotypes, and several factors showed upregulation in serum
but not colon (e.g., LIF, IL-15, IL-23, IL-28, and IL-31; Fig. 3 A),
suggesting generalized immune activation distinct from irAE.
Nonetheless, three cytokines (i.e., IFN-y, IL-6, and G-CSF) were
upregulated in both serum and colon tissue of aCTLA-4-treated
Stat3*/2 mice (Fig. 3 B and Fig. 1 F), correlating with intestinal
toxicity. Elevated IL-6 is associated with ICB-mediated colitis in
humans, and increases in circulating IFN-y and IL-6 have been
linked previously with CTLA-4 blockade (Bamias et al., 2017;
Connolly et al., 2019; Esfahani et al., 2020). Thus, increased
amounts of IFN-v, IL-6, and potentially G-CSF in circulation may
serve as a “cytokine signature” of intestinal toxicity associated
with aCTLA-4 ICB.

IFN-y, IL-6, and G-CSF are well-established mediators of
myelopoiesis due to their ability to enhance proliferation and
differentiation of bone marrow (BM) myeloid progenitor cells
(Mirantes et al, 2014; Morales-Mantilla and King, 2018;
Panopoulos and Watowich, 2008; Walker et al., 2008). Consis-
tently, we detected increased amounts of neutrophils and
monocytes in spleen and BM of melanoma-bearing Stat3%/2 mice
treated with aCTLA-4 (Fig. 3, C and D; and Fig. S4, D and E).
Investigation of BM hematopoietic stem cells (HSCs) and pro-
genitor subsets revealed specific increases in HSCs, multipotent
progenitors, and myeloid progenitors, including common mye-
loid (CMPs) and granulocyte-monocyte progenitors (GMPs), in
aCTLA-4-treated Stat3*/2 mice (Fig. 3, E and F; and Fig. S4 F).
These data indicate aCTLA-4 drives BM myelopoiesis in mice
prone to intestinal inflammation. Taken together, our results
suggest aCTLA-4 therapy in inflammation-susceptible conditions
leads to systemic cytokine release, sustained myeloid production,
immune cell transcriptional reprogramming, and intestinal mye-
loid infiltration and toxicity.

Melanoma tumors are nonresponsive to aCTLA-4 in
inflammation-prone conditions

Growth of B16-OVA melanoma tumors was refractory to aCTLA-4
therapy in Stat3*/2 animals, while Stat3*/* mice responded to
treatment (Fig. 3 G). Importantly, we confirmed that STAT3 de-
pletion was restricted to tumor-infiltrating DCs, while tumor-
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infiltrating myeloid cells, which constitute the majority of tumor
immune cells, were STAT3-sufficient (Fig. 3 H). Tumor non-
responsiveness in Stat3*/4 mice correlated with fewer tumor-
infiltrating CD8* T cells, less antigen-specific (SIINFEKL/H-2Kb
pentamer*) CD8* T cells, a lower ratio of CD8* T cells to Foxp3*
Tregs, and overall less tumor immune activation, relative to
Stat3*/+ animals treated with aCTLA-4 (Fig. 3, I and J; and Fig.
S4 G). We did not observe effects on tumor-associated neu-
trophils or macrophages, or Treg depletion with aCTLA-4
(Fig. 3 ] and Fig. S4 G). Thus, Stat3*/2 mice demonstrate poor
lymphocyte infiltration and tumor nonresponsiveness upon
aCTLA-4 treatment. Taken together, our results support the
use of Stat32/2 mice as an irAE model system mimicking ther-
apeutic nonresponsiveness and tissue toxicity.

Single-agent therapeutic interventions to enhance aCTLA-4
efficacy and suppress irAE

A major goal of irAE research is to identify approaches to miti-
gate tissue toxicity while maintaining or improving therapeutic
efficacy to ICB. In our inflammation-prone model, myeloid cells,
Thi cells, and, to some extent, CD8* T cell function correlate
with aCTLA-4-mediated irAE. Of these populations, myeloid
cells are most likely to impede ICB-mediated control of tumors;
therefore, we employed strategies to block their function (Fig. S5
A). We found that inhibition of neutrophils by Ly6G antibody
(aLy6G) treatment or blockade of IL-6 activity via anti-IL-6 (alL-
6) enhanced the antitumor efficacy of aCTLA-4 in Stat3%/2 mice
(Fig. S5 B). Moreover, immune signatures of irAE in the colonic
LP, including proinflammatory cytokine amounts, neutrophils,
and Thl cells were diminished upon aLy6G or aIL-6 treatment
(Fig. S5, C and D). Analyses of colon histopathology, however,
did not indicate an effect of aLy6G or alL-6 therapy on colitis
(Fig. S5 E). While these results indicate neutrophils and IL-6 are
key drivers of aCTLA-4-mediated intestinal toxicity and tumor
nonresponsiveness, the inability to reverse intestinal damage
suggests additional irAE-driving factors.

Dysbiosis and contribution of the intestinal microbiome to
aCTLA-4-mediated colitis

The intestinal microbiome is linked with antitumor response to
ICB, irAEs, and non-ICB-associated intestinal inflammation
(Cheng et al., 2020; Dubin et al., 2016; Gopalakrishnan et al.,
2018a; Gopalakrishnan et al., 2018b; McCulloch et al., 2022;
Vétizou et al., 2015; Wang et al., 2018). Accordingly, we evalu-
ated the diversity and composition of the fecal microbiome in
cohoused tumor-bearing Stat3*/2 mice and controls, collected
prior to or following aCTLA-4 therapy, by targeted 16S ribo-
somal RNA (rRNA) gene profiling. These studies revealed
Stat32/2 mice have a trend toward reduced fecal bacterial com-
munity diversity at baseline compared with Stat3*/* mice (Fig. 4
A). Alpha diversity was reduced in Stat3*/2 mice following tu-
mor growth and aCTLA-4 therapy relative to Stat3*/* mice (Fig. 4
A). We also detected differences in microbial beta diversity
(Fig. 4 B), indicating the community structure of the fecal
microbiome is substantially distinct in Stat3*/* versus
Stat34/2 mice. Moreover, the fecal microbial beta diversity of
Stat34’2 mice was significantly changed upon aCTLA-4

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20221333

6 of 24


https://doi.org/10.1084/jem.20221333

B Serum
Stat3*"* Stat3~"
LIF 10 100- o Stat3"*+IgG
G"(-:-;g 804 o Stat3"+aCTLA-4
-IFNY 8 —_ ° Stat3NA+IgG
TNFo £ €07 o Stat3*’+aCTLA-4
IL-22 2 404
IL-23 =
IL-28 6y 201
IL-9 S
IL-31 Q
IL-18 45 &
CCL5 5
IL-6 kel
IL-10 ©
ccL3 2w
IL-13 m Stat3"+lgG
IL-12p70 . m Stat3**+oCTLA-4
IL-27 . u Stat32+1gG
CXCL5 9
e oy [ satea e B Stat3*2+aCTLA-4
IL-1c = | Mee o eDC1
-2 %) CD8*' T cDC2
IgG + - + - ke ¥
aCTLA-4 - + - + tSNE1 ——»
D F
Spleen Neu Spleen Mon Stat3+* Stat3* HSC CMP GMP
3 4 on o T 136 144 i — 40 w0 =
= 3 ° 9§ 51& 50& 5 08 ° 30 R ’
g 2 . 8‘ 4 4 ; 0.6
;)’ 2 o © ¥ o 175 347 Y 04 o 20 ° 20 ° %
K% ° q o P °
81 1 .? ",;_3%42[%@;L 17.9 00_2 g%ag 10 :e i10 é';'
0 0 m; aé 2 .4 0.0 ° o oii“ 0 a0 & g0
CD34-FITC ———
G - Stat3"+IgG H '
-~ Stat3"*+aCTLA-4 DC Myeloid
-~ Stat3**+IgG ++ NA H+ NA Tumor CD45*CD3* Stat3+* Stat3~s
2007+ Stat3**+aCTLA-4 1000 )
< STAT3> - .S %
g 100 l Tubulins soro»| 8 88 SR & he
? ; 10040 > [0) IENy'CD8", <
S 50 STAT3» | = -l o5 ol o S'm &
S | . o o CDBHT o e %i 5 - = .
F oo 4 é 1.0 1.5 2-0 Tubulin® 50p >E - % (% o § ..%_. ®
Day after melanoma injection Purified tumor-infiltrating cells tSNEl ———» tSNE1 —888»
J
Tumor CD8" T Tumor Pen*CD8" T Tumor CD4* Teff Tumor Treg Tumor CD8* T/Treg o Stat3"*+IgG
15 2 407 sorEEmE o Stat3*+aCTLA-4
— - . 30 o Stat3¥+IgG
g 2 = 2 o o, ° o Stat3+oCTLA-4
= = = = =
;&; z Z Z g 201 ¢ E o0
3 3 3 3 10
© 2 © © o %
0 ]

Figure 3. Systemic cytokine release and myelopoiesis with aCTLA-4 therapy in inflammation-prone conditions. Stat3*’2 and Stat3*/* mice with B16-
OVA tumors were treated biweekly for 2 wk with 1gG or aCTLA-4. Serum cytokines and spleen and BM immune cells were analyzed 18-19 d after tumor
establishment and completion of therapy. (A) Mean concentration of differently expressed cytokines in serum, determined by multiplex assays, fold change
absolute log, > 1; n = 13-17 per group. (B) Serum cytokines from individual mice analyzed by multiplex assays; n = 13-17 per group. (C) tSNE plot showing
prospective clustering of live spleen cells merged from the four experimental groups (left); distribution of spleen immune cells, colored based on experimental
groups (right); n = 6-7 in each group. (D) Neutrophil and monocyte amounts in spleen; n = 11-12 per group. (E) Representative flow plots showing CD34* CD16/
327 CMPs, CD34+ CD16/32* GMPs, and CD34~ CD16/32~ MEPs (megakaryocyte-erythroid progenitors) gated from the lin~ Sca-1- CD117+ population. (F) Absolute
amounts of HSCs, CMPs, GMPs in each experimental group; n = 9-10 per group. (G) Tumor size over time; n = 24-30 per group. (H) STAT3 expression in tumor-
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infiltrating DCs (CD11c*) or myeloid cells (CD11b* CD11c") determined by immunoblotting. The filter was cut horizontally to separate differentially sized proteins
and probed with antibodies to STAT3 or tubulin. The filters were reassembled according to the original gel orientation for each exposure time. (I) tSNE plots
showing merged CD45* CD3* cells from the four experimental groups (left), and tSNE plots of aggregated CD45* CD3" cells of individual experimental groups
(right); n = 6-8 per group. (J) Number of tumor-infiltrating CD8" T cells, OVA-specific SINFEKL/H-2Kb pentamer* CD8* T cells, CD4* Foxp3~ T cells, CD4*
Foxp3* Treg, and CD8*/Treg ratios. For SIINFEKL/H-2Kb pentamer* CD8" T cells, n = 6-8 per group; for other plots, n = 18-21 per group. Data shown as mean
SEM. Results from two to five independent experiments. Data were analyzed by one-way ANOVA (B, D, F, and J) or two-way ANOVA (G). * P < 0.05, ** P < 0.01,
*** P < 0.001, **** P < 0.0001. Source data are available for this figure: SourceData F3.

treatment (P = 0.004), while these effects were not observed
in Stat3*/* mice (P = 0.9; Fig. 4 B).

Differential abundance analysis revealed significant enrich-
ment of several taxa including Anaerotruncus, Bacteroides, Para-
sutterella, Helicobacter, and Rikenellaceae genera in Stat3*/2 mice
compared with Stat3*/* mice, as well as Stat32/ mice treated
with aCTLA-4, while others such as Clostridia and Lachnospir-
aceae were significantly enriched in Stat3*/* mice (Fig. 4 C and
Fig. S5 F). Therefore, our data indicate Stat3*’* mice have a
distinct fecal microbiome composition relative to Stat3*/* con-
trols. Strikingly, these differences were maintained in the
Stat32/2 and Stat3*/* mice despite being cohoused, indicating a
profound influence of the genetic lesion in Stat3*/2 mice on the
intestinal microbiome. Moreover, aCTLA-4 therapy appeared to
promote further alterations in the microbiome of Stat3*/* ani-
mals, suggesting an interplay with intestinal inflammation and
tissue toxicity.

To investigate roles for the dysbiotic gut microbiome in
aCTLA-4-mediated responses, we performed fecal microbiome
transplant (FMT) experiments (Fig. 4 D). These studies dem-
onstrated that transplantation of fecal material from Stat3%/2
mice into Stat3*/+ (WT) mice rendered tumor nonresponsiveness
to therapy and sensitivity to aCTLA-4 intestinal irAEs (Fig. 4,
E-G). This was accompanied by significant increases in colonic
myeloid cells, CD4* T subsets, cDCls, and cDC2s upon aCTLA-4
therapy (Fig. 4 H). Colon inflammatory cytokines were also in-
creased following aCTLA-4 treatment (Fig. 4 I). By contrast,
reciprocal FMT using feces from WT mice transplanted into
Stat3*/2 mice did not confer tumor responsiveness or prevent
intestinal irAEs (Fig. S5, G-K). Taken together, our data indicate
intestinal microbiome dysbiosis directly confers susceptibility to
aCTLA-4-driven intestinal irAEs and tumor nonresponsiveness
to therapy. Our results also imply inflammation-prone con-
ditions in the gut contribute to these unfavorable responses
to ICB.

Combination treatment with alL-6 and antibiotics enhances

aCTLA-4 efficacy and reduces irAEs in the preclinical setting

To further evaluate roles for the dysbiotic microbiome in
aCTLA-4-mediated intestinal toxicity and tumor non-
responsiveness, we treated Stat3%/2 mice with broad-spectrum
antibiotics (Abx) to ablate gut bacterial communities. We per-
formed Abx treatment alone or in combination with IL-6
blockade (alIL-6) as our data indicate this proinflammatory
factor contributes to irAE (Fig. 5 A and Fig. S5, C, D, and L).
While Abx alone did not enhance aCTLA-4 efficacy or improve
intestinal pathology significantly, this approach led to reduced
proinflammatory cytokines in the colon (Fig. S5, M-O). By
contrast, combination treatment with Abx and aIL-6 significantly
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enhanced the antitumor efficacy of aCTLA-4 in Stat3*/® mice
(Fig. 5 B). This was associated with increases in tumor-infiltrating
cDCls and CD8* T cells, as well as tumor antigen-specific CD8*
T cells (SIINFEKL/H-2Kb pentamer* CD8*; Fig. 5 C). Furthermore,
Abx and alL-6 combination therapy significantly reduced intes-
tinal tissue pathology, colon inflammatory cytokine amounts,
colonic LP neutrophil and CD4* T subset infiltration, and immune
accrual in mLNs (Fig. 5, D-H). These data underscore key roles for
the dysbiotic microbiome in Stat3*/2 mice in mediating tumor
nonresponsiveness and intestinal tissue toxicity during aCTLA-4
therapy. Moreover, our results point to interventions that im-
prove aCTLA-4-mediated tumor control and inhibit intestinal
irAE in our preclinical model using combination Abx and IL-6
blockade.

To study the effect of alL-6 and Abx on the intestinal mi-
crobiome of Stat3*/2 mice treated with aCTLA-4, we performed
16S rRNA gene profiling. While alpha diversity was unchanged
by alL-6 and Abx, we found effects on the community structure
(Fig. 5, I and J). Identification of differentially abundant taxa
revealed enrichment of Akkermansia and Lachnospiraceae by alL-
6 and Abx intervention, while Rikenellaceae were relatively en-
hanced in Stat3*’* mice treated with aCTLA-4 alone (Fig. 5 K).
These results reveal an intestinal microbiome composition as-
sociated with a favorable antitumor response and suppression of
ICB-mediated inflammation. Our data align with recent results
from human ICB-treated melanoma patients (McCulloch et al.,
2022), further supporting the utility of our animal models in
evaluating therapeutic interventions to alleviate intestinal irAEs
and improve ICB efficacy.

Acute intestinal infection or DSS administration in WT mice
drives aCTLA-4-induced toxicity

To evaluate whether distinct approaches affecting intestinal
immune homeostasis render sensitivity to aCTLA-4-mediated
irAEs, we used acute gastrointestinal infection in WT mice.
Melanoma-bearing WT mice were infected orally with Citro-
bacter rodentium, which models infection with enteropathogenic
and enterohaemorrhagic Escherichia coli strains in humans
(Bouladoux et al, 2017). Animals were infected during the
course of aCTLA-4 therapy to mimic an acquired gastrointesti-
nal infection in humans undergoing ICB treatment. These ex-
periments indicated C. rodentium infection enhanced body
weight loss as well as intestinal tissue damage in mice treated
with aCTLA-4 (Fig. 6, A-D). We detected elevated bacterial
burden in spleen and liver following C. rodentium infection in the
aCTLA-4-treatment group (Fig. 6 E), consistent with a loss of
intestinal barrier function. Furthermore, C. rodentium infection
promoted an irAE immune signature in mice on aCTLA-4
therapy, including elevated IL-1B, IFN-v, IL-1a, IL-6, G-CSF, and
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Figure 4. Dysbiosis and FMT induces sensitivity to aCTLA-4-mediated irAE. (A-C) Stat32/2 and Stat3*/* mice with B16-OVA tumors were treated bi-
weekly for 2 wk with IgG or aCTLA-4. Feces were collected prior to (day 3) or following aCTLA-4 treatment (day 18); fecal microbiome composition was
determined by 165 rRNA gene profiling. (A) Box-and-whisker plot represents within-sample diversity using Inverse Simpson diversity scores of indicated mice
and treatments groups; n = 13-14 per group. (B) Beta diversity analysis using Bray-Curtis dissimilarity compares between-sample diversity of the indicated
groups. Based on PCA each of the fecal microbiome profiles are represented in terms of the top-two principal components; n = 13-14 per group. (C) Using
microbial abundance data aggregated at the genus level, each of the three plot-pair shows significant differentially abundant taxa (P value <0.05) are as-
sociated with the indicated treatment groups. The bar plot shows the log-fold change, and the box-and-whisker plot shows the normalized abundance of the
differentially abundant taxa identified using DESeq2; n = 13-14 per group. (D-I) Recipient Stat3*/* mice were given fecal transplantation by feces suspension
from donor Stat32/2 mice following microbiome depletion by broad spectrum antibiotics (metronidazole, ampicillin, vancomycin, and enrofloxacin; MAVE), then
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Stat3*/* mice were injected with B16-OVA cells and treated with aCTLA-4 or IgG i.p. biweekly for 2 wk. Organ samples were collected 18 d after melanoma
injection. (D) Schematic diagram of the experimental approach. (E) Tumor size over time; n = 7 per group. (F) Representative photomicrographs of colonic
mucosa; scale bar = 100 microns; H&E. (G) Summed scores for histopathology, neutrophil infiltrate, mixed inflammatory cell infiltrate, and crypt hyperplasia
are shown; n = 7 per group. (H) Absolute amounts of immune cells in colonic LP; n = 7 per group. (1) Differential cytokine amounts in colon tissue (n = 7 per
group), fold change <0.7 or >1.4. Data shown as mean + SEM. Results from two independent experiments. Data were analyzed by Wilcoxon Rank-Sum test (A),
Bray-Curtis dissimilarity (B), statistical test implemented in the R package DESeq2 (C), two-tailed unpaired Student’s t test (G and H). * P < 0.05, ** P < 0.01,

*** P < 0.001, **** P < 0.0001

TNF-a in colon, increased IL-6 in circulation, and systemic
myeloid accrual (Fig. 6, F and G). Melanoma tumors in WT mice
infected with C. rodentium were responsive to aCTLA-4, yet
showed a trend for decreased responsiveness relative to unin-
fected mice treated with aCTLA-4 (Fig. 6 H). These results in-
dicate acute inflammation resulting from intestinal infection
may have a modest but nonsignificant effect on therapeutic
responsiveness to aCTLA-4, but can contribute to intestinal
irAE. Moreover, this irAE response is accompanied by IL-6
elevation and myeloid accrual, suggesting common irAE-
driving mechanisms in inflammation-prone and acute infec-
tion conditions.

To assess whether the intestinal irAEs observed in Stat3/4
mice and WT mice infected with C. rodentium were more broadly
reflective of aCTLA-4-mediated toxicity, we evaluated the effect
of DSS treatment, a common approach to induce experimental
colitis (Fig. 7 A). DSS administration in WT tumor-bearing mice
on aCTLA-4 led to significant reduction in body weight and
evidence of increased colon histopathology, analogous to our
findings in aCTLA-4-treated Stat3”/ mice and WT mice in-
fected with C. rodentium (Fig. 7, B-D). We also detected sim-
ilar aCTLA-4-mediated immune signatures. For instance, colon
myeloid cells and CD4* T cells, as well as colon inflammatory
cytokines and chemokines, including IL-1f, IL-6, G-CSF, IFN-y,
TNF-a, CXCL2, and IL-la, were elevated in aCTLA-4 DSS-
treated WT mice (Fig. 7, E and F). Moreover, we observed
systemic increases in splenic neutrophils, monocytes, and
macrophages, paralleling responses in aCTLA-4-treated Stat3%/4
and C. rodentium-infected WT mice (Fig. 7 G). In addition, the
antitumor effect of aCTLA-4 was disrupted by DSS-induced co-
litis (Fig. 7 H). These data suggest common immune mechanisms
are elicited by aCTLA-4 therapy in conditions of deregulated
intestinal immune homeostasis.

Myeloid and lymphoid signatures in human ICB-associated
colitis

To address the clinical relevance of our murine models, we an-
alyzed immune infiltrates in inflamed intestinal tissue biopsies
from individuals with advanced melanoma undergoing ICB
therapy at MD Anderson Cancer Center who had developed
clinical grade 3-4 colitis (patients, n = 15; biopsy samples, n = 22;
Table S4). Matched biopsies of noninflamed intestinal tissue
were collected from a subset of these individuals (patients, n = 7;
biopsy samples, n = 7); normal colon biopsies were also obtained
from unmatched individuals who underwent surgery for colo-
rectal carcinoma without immunotherapy (patients, n = 19; bi-
opsy samples, n = 19; Table S4). The ICB-treated patient cohort
included individuals treated with aCTLA-4, aPD-1, combination
ICB, and with or without steroid therapy for ICB-associated
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colitis (Table S4). Gene expression analyses indicated elevated
neutrophil, cytotoxic, Thl, and CD8* T cell signatures in colitis
samples, with enrichment of myeloid chemoattractants and in-
flammatory mediators (e.g., CXCL1, CXCL3, IL8, IL19), and factors
associated with T and NK cell effector function (FCGR3A, GZMB,;
Fig. 8, A and B; and Table S5). Moreover, comprehensive im-
mune response pathway analysis revealed hallmarks of immune
activation in the colitis group, including elevated cytokine,
chemokine, T cell function, and cytotoxicity gene signatures
(Fig. 8, C-F; and Table S5). By evaluating matched tissue samples
(patients, n = 8) using immunohistochemistry (IHC), we found
significant accumulation of CD15* neutrophils and Foxp3* T cells
in inflamed areas versus healthy tissue (Fig. 8 G and Table S6).
Inflamed regions consisted of crypt abscesses, evident by accu-
mulation of CD15* positive neutrophils; furthermore, cells that
transmigrated through the epithelium into the lumen also ap-
peared to be neutrophils (Fig. 8 H). These results indicate key
similarities in the intestinal immune response between our
murine irAE models and melanoma patients with ICB-associated
colitis. Additionally, the data agree with recent findings from
three distinct human intestinal irAE cohorts, which noted in-
creased cytotoxic T cells, neutrophils, and neutrophil chemoat-
tractants in colon tissue (Hailemichael et al., 2022; Luoma et al.,
2020). Thus, the collective results suggest our irAE models re-
flect immune responses in human ICB-associated colitis, with
ICB-mediated toxicity driven by neutrophils and activated
T cells infiltrating intestinal tissue.

Discussion

We found aCTLA-4 stimulates intestinal tissue damage in
mice with genetic predisposition to intestinal inflammation,
microbiome dysbiosis, acute gastrointestinal infection, or
DSS administration, indicating that perturbation of intesti-
nal homeostasis is important to drive murine ICB-associated
toxicity. The immune responses observed in our models
mirror key immune signatures in human ICB-associated
colitis, including accumulation of neutrophils, cytotoxic
and IFN-y* CD8* and CD4* T cells, and inflammatory
cytokines such as IFN-y and IL-6. Moreover, our results suggest
systemic release of myeloid-activating cytokines and
hematopoietic remodeling to favor myelopoiesis induces a
feed-forward mechanism that sustains myeloid-mediated in-
testinal tissue destruction and inhibits antitumor immunity.
Identification of these mechanisms was crucial to intervene
therapeutically in the preclinical setting; we found that
combination treatment with IL-6 blockade and Abx improved
tumor control by aCTLA-4 and reduced intestinal tissue
damage. Importantly, our models provide additional
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Figure 5. Combination treatment with alL-6 and antibiotics enhances aCTLA-4 efficacy and reduces irAEs. Stat3*/2 mice were given broad-spectrum
Abx (metronidazole, ampicillin, vancomycin, and enrofloxacin; MAVE) by oral gavage for 4 d. B16-OVA tumors were established, and mice were maintained on
ampicillin-containing drinking water until initiation of aCTLA-4 therapy. Mice were treated biweekly for 2 wk with aCTLA-4. alL-6 was injected (i.p.) on day 5, 7,
9, and 11. (A) Schematic diagram of the experiment. (B) Tumor growth over time; n = 9-10 per group. (C) Numbers of tumor-infiltrating cDC1s, CD8*, and OVA-
specific SIINFEKL/H-2Kb pentamer* CD8* T cells; n = 9-10 per group. (D) Representative photomicrographs of colonic mucosa; intense inflammatory
(arrowheads) and neutrophil (arrow) infiltrate in the LP are indicated; scale bar = 500 pm for 40x magnification, 100 pm for 200x magnification; H&E.
(E) Histopathology scores; n = 9-10 for each group. (F) Differentially expressed cytokines from colon (i.e., cytokines with fold change <0.7 or >1.4), normalized to
mean concentration in aCTLA-4-treated Stat32/2 mice; n = 5 for each group. (G and H) Absolute amounts of immune cells in colonic LP (G) and mLN (H); n =
9-10 per group. (I) Box-and-whisker plot of within-sample diversity using Inverse Simpson diversity measure of indicated treatments groups. (J) Beta
diversity analysis using Bray-Curtis dissimilarity compares between-sample diversity of the indicated groups. The ordination plot represents the microbiome
profile of the samples in terms of the top-two PCs obtained from the principal coordinate; n = 7 per group. (K) Using microbial abundance data aggregated at
the family level, the analysis (using R package DESeq2) identifies significant differentially abundant taxa (P < 0.05) associated with the indicated treatment
groups. For the identified taxa, the bar plot (left) reports log-fold change and the box-and-whisker plot (right) compares the indicated two-treatment groups
in terms of normalized abundance data; n = 7 per group. Data shown as mean + SEM from two independent experiments. Data were analyzed by two-way
ANOVA (B), two-tailed unpaired Student’s t test (C, E, G, and H), Bray-Curtis dissimilarity (J), statistical test implemented in the R package DESeq2 (K). * P <
0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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Figure 6. Disruption of gut homeostasis by acute intestinal infection associates with aCTLA-4-induced toxicity. C57BL/6) mice with B16-OVA tumors
were treated biweekly for 2 wk with IgG or aCTLA-4. Mice were infected with 4-6 x 10° C. rodentium on day 11 by oral gavage (C.r.) or remained uninfected (NI).
Animals were euthanized 18 d after tumor establishment and completion of therapy. (A) Schematic diagram of experiment. (B) Body weight change over time;
n = 2-5 per Nl group, n = 11-12 per C.r. group. (C) Representative photomicrographs of proximal colonic mucosa. Note the intense inflammatory infiltrate in the
LP (arrowheads), scale bar = 100 microns (upper panels); and neutrophil infiltrate (arrow) and C. rodentium load on colonic epithelium (arrowheads), scale bar =
20 microns (lower panels); H&E. (D) Histopathological scores of proximal colon at the experimental endpoint; n = 2-3 per NI group, n = 11-13 per C.r. group. (E) CFUs
in spleen and liver as indicated; n = 2-3 per NI group, n = 16-20 per C.r. group. (F) Differential cytokine amounts in colon tissue (n = 2 per group) and serum
(n =10 for Cr. + 1gG group, n = 11 for C.r. + aCTLA-4 group) as indicated, fold change absolute log 2 > 1. (G) Absolute amounts of immune cells in mLN and
spleen as indicated; n = 6-8 per group. (H) Tumor size over time; n = 2-3 per NI group, n = 9-11 per C.r. group. Data shown as mean + SEM, from four
independent experiments. Data were analyzed by two-way ANOVA (B and H), one-way ANOVA (D), F test to compare variations (E), and two-tailed unpaired

Student’s t test (G). * P < 0.05, ** P < 0.01, **** P < 0.0001.

opportunities for preclinical investigation of irAE-suppressive
therapeutics.

Immune mechanisms of aCTLA-4-driven intestinal irAE

The immunological mechanisms driving ICB-associated irAEs,
particularly roles for myeloid subsets, are poorly characterized
(Esfahani et al., 2020). We found myeloid populations, pre-
dominantly neutrophils in the colonic LP of murine and human
irAE lesions, were tightly linked with ICB-mediated intestinal
toxicity. Although a limitation of our work is the varied ICB
and steroid treatments within our patient cohort, our results
agree with a recent study that reported strong neutrophil
signatures in colitis biopsies from two independent human
cohorts (Hailemichael et al., 2022). Furthermore, our scRNAseq
showed immune-activating transcriptional signatures were
enhanced in murine intestinal myeloid populations upon
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aCTLA-4 treatment, suggesting myeloid functional activation is
a contributing factor in intestinal irAE. These results warrant
further investigation into mechanisms by which ICB targeting
adaptive T lymphocytes can also unleash innate, myeloid-
mediated responses.

Our model with a defined genetic lesion, Stat3 deficiency in
DCs, shows hyperresponsiveness in the intestinal DC compart-
ment can promote experimental ICB-associated colitis, further
supporting the concept of myeloid-driving irAE mechanisms in
the gut. Through the use of additional immune perturbations in
WT mice, including infection, FMT with a dysbiotic microbiome,
or DSS, our work indicates that a shift away from immune ho-
meostasis, toward an activated immune state, enhances irAE
likelihood. Animal models have key differences in immune
status with humans; moreover, our Stat3*/ mice are unlikely to
reflect the basal immune status of the majority of patients
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Figure 7. Disruption of gut homeostasis by DSS associates with aCTLA-4-induced toxicity. C57BL/6) mice with B16-OVA tumors were treated biweekly
for 2 wk with 1gG or aCTLA-4. Mice were given 2.5% DSS in drinking water on day 11-15 after tumor establishment. Animals were euthanized 18 d after tumor
establishment. (A) Schematic diagram of experiment. (B) Body weight change over time; n = 8 per group. (C) Histopathological scores of colon at the ex-
perimental endpoint; n = 8-9 per group. (D) Representative photomicrographs of colonic mucosa, scale bar = 100 microns; H&E. (E) Differential cytokine
amounts in colon tissue, fold change absolute log 2 > 1; n = 8-9 per group. (F and G) Absolute amounts of immune cells in colon (F) and spleen (G) as indicated;
n = 8-9 per group. (H) Tumor size over time; n = 8 per group. Data are shown as mean + SEM, from two independent experiments. Data were analyzed by two-

way ANOVA (B) and two-tailed unpaired Student’s t test (C, F and G). * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.

treated with ICB, posing limitations to our study. For instance,
Stat3*/2 mice present with features of elevated intestinal and
systemic immune responses, compared with WT mice, in the
absence of aCTLA-4 therapy. While the majority of these re-
sponses were further exaggerated in Stat3*/2 mice treated with
aCTLA-4, colonic neutrophil accumulation and BM myelopoiesis
appeared to be uniquely driven by aCTLA-4 therapy, suggesting
interplay between inflammation-prone conditions and ICB.
Collectively, these data suggest that pre-existing subacute or
acute gut inflammation from genetic or environmental factors in
cancer patients may predispose them to ICB-associated intesti-
nal irAEs. Indeed, prior studies demonstrate that inflammatory
bowel disease increases the risk of severe gastrointestinal ad-
verse events in patients treated with ICB and can lead to dis-
continuation of therapy (Abu-Sbeih et al., 2020; Grover et al.,
2020; Johnson et al., 2016). Thus, our models may serve as useful
tools to identify additional irAE-driving mechanisms and miti-
gative strategies for cancer patients with inflammatory bowel
disease or other conditions predisposed to inflammation.

We observed BM hematopoietic remodeling and emergency
myelopoiesis in inflammation-prone mice treated with aCTLA-4;
similarly, aCTLA-4 treatment drove systemic myeloid increases

Zhou et al.
Mechanisms of anti-CTLA-4 intestinal irAEs

with C. rodentium infection or DSS administration. These findings
align with studies that identify correlations between increased
circulating neutrophil:lymphocyte ratios and poor response to ICB
(McCulloch et al., 2022). While we found neutrophil depletion
reduced the intestinal irAE immune signature and increased an-
titumor efficacy of aCTLA-4, neutrophil ablation is not optimal for
immunocompromised cancer patients. Rather, specific inter-
ventions to decrease localized neutrophil accrual or myeloid-
mediated inflammation and consequent tissue damage may provide
improved opportunities to suppress irAEs in a clinical setting.

Our comprehensive immune profiling also showed IFN-
y-producing and cytotoxic T cell subsets are associated with
murine and human intestinal irAE. In addition, we identified a
trend for increased Treg in our inflammation-prone irAE model
and significant Treg accrual in human ICB-associated colitis
biopsies, suggesting compensatory anti-inflammatory mecha-
nisms were activated. Importantly, these immune features align
with studies of independent human intestinal irAE cohorts
(Hailemichael et al., 2022; Luoma et al., 2020). While aCTLA-4 is
reported to have antagonistic or depletion effects on Tregs in
mice, this has not been observed in humans (Wei et al., 2018)
and, critically, we did not detect Treg depletion in tumors or

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20221333

13 of 24


https://doi.org/10.1084/jem.20221333

>

(o]

Neutrophils Cytotoxic cells  Th1 cells
0.4 TR Neu 10 ~— 10 g 9 ] 1 9
© 8 ,oC;tLétoxic cells| Sytotoxic cells Q9| - . 9 - 8 10 8
Q . CD8&' T @ 8 . 8 9
e 0.2 Treg o 7 . : 7 8 ¢
o U. Toells S ol A s 6
2 NK 3 5 6 J
S | BssoN\ e8I - cD4' T = P ew| € 6 5] 0 T m
2 0.0; — o
© B cells 3 T cells NK cells  Macrophages CD45" cells
g ------- Mast cells >10 T 8.0 — 8 12 -
& -0.2 = 9| * |75 11 .ol I
- 8, - 7.0 10| reke 7 " F: 3
14 = E T |65 [l 10 m 3
\ 57 6.0 9 & 9
-0.4- B cells 3 N
8 Mast cells X s ° S st gg 8 o oot 5 poo| 8 <0001
Norlma| COI”tiS ® Normal @ Active colitis
o . E
Principal Component Analysis o p-value < 0.05 & [log2| FC > 1 - Regulation
L] 5_ MAF 3 | —— Chemokines
° ° —_ E;IC?(I_I Functions
DPPas lokines
. n — — - Cell Fundti
A T Y 2 2. SALpetons o
.. ° - L = CCR9. oo CXCL1 CEACAME = | —— Interleukins
~| 2 e ° = Py FPRys 2034, = . AR | Pathogen Defense
N ° 2 ° g) 3 e INFSFS, it S g 1 Cytotoxicity
< e Lo = V] o oo ‘ceacam o Antigen Processing
o ° & - o fogma = B-Cell Functions ~
= L ® PEEDY 00 4B 04 — Macro?_hage Functions
b L S 2/ pLr2GIE * e tuw > --- CT Antigen
O L . © FOERaT. &, © Adhesion
a . > . - = 11 &7 | Leukocyte Functions
«® © a peret = ~14 TNF Superfamily
s 14 *t-“' -~ Transporter Functions
a —— Complement
® Normal o -2 =5 %Eaescence
@ Active colitis & 0 I\C/Ii(ilro Iia}l Functions
T T T T T T T T T T — ell Cycle
PC2 (0.17) 4-3-2-10123 4 Normal Colitis
Fold change (log2)
F H
Macrophage function
Normal Active colitis
0
O
[a]
(@)
4
©
£Bi 3
5 75 S
Cytotoxicity e
©
[a]
(@)
Z score NN ° Normal e Active colitis
G -3-2-10123
©
cD15 Foxp3 CcD3 CD8 CD4 8
T257 —— 057 —— 3 3
IS
@ 2.0 0.4 5 /‘ ) —" X
2815 0.3
@ <
5210 02 g
8& " - 1 1 1 O
805 0.1
o
200 0.0 0 0 0

Figure 8. Immune signatures and association with aCTLA-4 response of human intestinal irAE. (A-F) Colitis regions (n = 22, from 15 individuals with
ICB-associated colitis) and normal intestinal biopsies (n = 26, from 19 individuals with colorectal carcinoma and 7 with ICB-associated colitis) were evaluated by
NanoString using the human nCounter PanCancer Immune Profiling Panel of 770 cancer-related and immune response genes. (A) Estimation of immune subset
abundance using expression of cell type-specific marker genes. Data represent relative abundance scores. (B) Data shown indicate raw cell type abundance
scores of individual immune subsets. (C) PCA of all biopsies. (D) Volcano plot showing differential gene expression. Results are normalized to healthy tissue
biopsy group. (E) Plot of pathway signature scores for colitis and normal biopsy samples. (F) Heatmaps showing gene expression in individual pathways and
samples. (G and H) Staining density (G) and representative IHC images (H) from CD15, Foxp3, CD3, CD8, or CD4 detection in intestinal biopsies from melanoma
patients with ICB-associated colitis; scale bar = 200 um. Matched biopsies diagnosed as active colitis and without diagnostic abnormality from a total of eight
patients were analyzed. (B and D) Two-tailed unpaired Student’s t test. * P < 0.05.

peripheral tissues of our aCTLA-4-treated mice. Moreover, our
scRNAseq experiments suggest crosstalk mechanisms between
myeloid and T cell compartments were enhanced in irAE con-
ditions, particularly via specific cytokine-receptor pairs, including
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type I and II IFNs, IFN-responsive CXCL9/CXCL10, TNF, and IL-
1 pathways. These data are consistent with the concept that my-
eloid hyperreactivity cooperates with off-target activation of T cell
responses in intestinal irAE.
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Cytokine drivers of aCTLA-4-associated intestinal irAE

We identified a suite of inflammatory factors that correlate with
intestinal irAE, including systemic increases in IL-6, IFN-y,
and G-CSF. This cytokine signature aligns closely with reports
from others that have evaluated human ICB-associated colitis
(Andrews et al., 2021; Hailemichael et al., 2022; Lim et al., 2019;
Luoma et al., 2020). Moreover, these factors are well-known
drivers of myeloid cell production, immune activation, and
inflammation (Mirantes et al., 2014; Morales-Mantilla and
King, 2018; Panopoulos and Watowich, 2008; Walker et al.,
2008), consistent with enhanced myelopoiesis and transcrip-
tional reprogramming of colonic LP immune cells in our
inflammation-prone irAE model. While IFN-y can disrupt epi-
thelial barrier junctions (Bruewer et al., 2003) and potentially
contribute to intestinal irAE, IFN-y-producing T cells are
beneficial for tumor control, thus targeting this cytokine is not
ideal. By contrast, IL-6 and G-CSF have established immuno-
suppressive effects in the tumor environment and are produced
by numerous populations including activated myeloid cells,
stromal subsets, and tumors (Gabrilovich and Nagaraj, 2009;
Meyer et al., 2018). We found that therapeutic blockade of IL-6
improved aCTLA-4 anti-tumor efficacy in inflammation-prone
mice, while combination of IL-6 blockade and Abx effectively
mitigated intestinal irAE. These results align well with a recent
report that demonstrated IL-6 blockade reduced the severity of
experimental autoimmune encephalomyelitis in tumor-bearing
mice treated with aCTLA-4 ICB (Hailemichael et al., 2022). Thus,
IL-6 inhibition may be a novel strategy to enhance tumor im-
munity and reduce irAE risk in the clinic (Uemura et al., 2016).

Contribution of the intestinal microbiome to irAE and tumor
control by aCTLA-4

The gut microbiome has key roles in mediating the therapeutic
response to ICB, yet also contributes to irAEs. Recent work has
generated important correlatives between specific taxa and re-
sponse or toxicity with ICB treatment (Andrews et al., 2021;
Chaput et al., 2017; Gopalakrishnan et al., 2018b; McCulloch
et al., 2022; Routy et al., 2018). For instance, enrichment of
bacterial taxa including Bacteroides genera, Rikenellaceae genera,
and Sutterellaceae spp. correlates with poor response to PD-
1 blockade and intestinal irAEs (Andrews et al., 2021; McCulloch
et al., 2022). Moreover, these taxa were linked with a microbial
gene signature of enhanced LPS synthesis, as well as enriched in-
flammatory gene expression in shed luminal cells, consistent with
concomitant systemic and localized inflammation (McCulloch et al.,
2022). We identified similar microbiome characteristics in
fecal samples from Stat3/2 mice, including enrichment of
Bacteroides, Parasutterella, and Rikenellaceae genera, along
with enhanced LPS signaling responses in colonic myeloid
populations evaluated by scRNAseq. By contrast, Lachno-
spiraceae was significantly enriched in Stat3*/* mice, which
aligns with enrichment of this taxa in humans responsive to
ICB (McCulloch et al., 2022; Routy et al., 2018).

Critically, using FMT, we demonstrated a direct mechanistic
link between the dysbiotic gut microbiome of Stat3*/2 mice and
aCTLA-4-mediated intestinal inflammation, tissue toxicity, and
poor therapeutic efficacy. By contrast, the reciprocal FMT
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approach, providing feces from WT to Stat3*/2 mice, failed to
improve tumor response to therapy or mitigate aCTLA-4-
mediated intestinal irAEs. This may be due to the inherent
hypersensitivity of Stat3*/2 DCs to microbiome-derived TLR
agonists and consequent elevation in inflammatory responses
(Chrisikos et al., 2020; Chrisikos et al., 2022; Melillo et al., 2010).
Moreover, by microbiome profiling following intervention with
Abx and IL-6 blockade in Stat32/2 mice, we identified enrich-
ment of Akkermansia and Lachnospiraceae genera, which aligns
with enrichment of these taxa in humans responsive to aPD-
1 (McCulloch et al., 2022; Routy et al., 2018). Thus, our Stat32/2
model recapitulates important findings in human ICB-treated
individuals. In addition, our FMT studies reveal that specific
microbiome components render sensitivity to intestinal irAEs
and reduce tumor response to aCTLA-4. FMT of a colitogenic or
dysbiotic microbiome provides a potential translational platform
for evaluating irAE-driving taxa in human colitis fecal samples.
Collectively, our data lay groundwork for further exploration of
targeted microbiome interventions to reduce irAE risk and
maintain or improve ICB antitumor efficacy.

In summary, the models we describe have key immune
correlates with human ICB-associated colitis and provide new
preclinical approaches to test therapies to mitigate intestinal
irAEs, including targeted manipulation of the gut microbiome.
Moreover, our results reveal that dysbiosis or a shift from im-
mune homeostasis toward an immune-activated state predis-
poses to intestinal irAE in mice. These findings suggest irAEs
may arise after homeostatic or tolerance thresholds in particular
organ sites are breached by combined effects from localized
immune-stimulatory signals and systemic ICB-mediated im-
mune activation, consistent with a recent study in a preclinical
skin irAE model (Hu et al., 2022). Our work provides a basis to
develop an integrated assessment utilizing multiple platforms to
translate preclinical studies into predictive models for ICB-
associated irAEs.

Materials and methods

Mice

C57BL/6] mice were acquired from The Jackson Laboratory.
B6.Cg-Tg (Itgax-cre)l-1Reiz/] mice (CDllc-Cre; 008068; The
Jackson Laboratory) were bred with Stat3”f mice (Caton et al.,
2007; Takeda et al., 1998) to generate CDllc-Cre* Stat3/f mice
(Stat32/2) and Cre-negative Stat37f littermate controls (termed
herein, Stat3*/*). All mice were maintained in a specific
pathogen-free animal facility at MD Anderson Cancer Center.
Mice of both sexes were analyzed, ranging in age from 7 through
13 wk. Age- and sex-matched littermates were chosen randomly
for inclusion in treatment groups and were used in accordance
with MD Anderson Cancer Center Institutional Animal Care and
Use Committee-approved protocols.

Murine melanoma and aCTLA-4 therapy

Murine B16-F10 melanoma cells stably expressing OVA (Bl6-
OVA cells) were cultured in DMEM medium (Gibco) containing
10% FBS and 1% penicillin-streptomycin (Zhou et al., 2020).
Stat3%/4 and Stat3*/* mice were shaved on the abdomen and
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injected s.c.) with 2 x 10° melanoma cells on one side. InVivoPlus
anti-mouse CTLA-4 (9H10; BioXcell) or IgG (polyclonal Syrian
hamster; BioXcell) were diluted in 200 pl InVivoPure pH 7.0
dilution buffer (BioXcell) and injected i.p. biweekly for 2 wk.
Antibodies were delivered at a dose of 200 pg/mouse for the
first treatment and 100 pg/mouse for subsequent treatments.
Body weight and tumor size (length x width) were measured
every 3-4 d. Peripheral blood and organ samples were collected
18-19 d after melanoma injection. Peripheral blood was obtained
from anesthetized mice; animals were euthanized, and colon,
tumor, spleen, BM, tumor-draining lymph node, and mLN
samples were harvested. Fecal samples were collected from mice
prior to aCTLA-4 or IgG therapy and on the day of tissue harvest.
Mice were euthanized if tumor sizes reached a maximum of
20 mm in any direction or if tumor ulceration occurred; these
animals were excluded from further analysis.

Treatment with alL-6 or aLy6G

Melanoma-bearing Stat3*/2 and Stat3*/* mice on aCTLA-4
therapy were injected i.p. with anti-mouse Ly6G (1A8; BioXcell)
at 12 and 15 d after tumor establishment using 75-250 pg/mouse.
A separate group of mice was treated with anti-mouse IL-6
(MP5-20F3; BioXcell) two to four times between 4 and 15 d after
tumor establishment using 200 pg/mouse. Anti-trinitrophenol
rat IgG2a (2A3; BioXcell) or anti-HRP rat IgGl isotype control
(HRPN; BioXcell) were used as isotype controls.

alL-6 and Abx combination therapy

Mice received 100 pl of broad-spectrum antibiotic cocktail by
oral gavage daily for a total of 4 d prior to tumor injection. The
antibiotic cocktail contained ampicillin (1 g/liter; Sigma-Al-
drich), vancomycin (0.5 g/liter; Gold Biotechnology), metroni-
dazole (1 g/liter; Sigma-Aldrich), and enrofloxacin (1 g/liter;
Sigma-Aldrich). After oral gavage, the mice were maintained on
ampicillin-containing (1 g/liter) drinking water for another 5 d
until initiation of aCTLA-4 therapy. aIL-6 (200 pg/mouse) was
injected (i.p.) every other day for a total of four treatments as
indicated in the figure legends.

FMT

Stat3%/4 and Stat3*/* mice (4 wk old) were separated into dif-
ferent cages according to genotype. Mice were treated with
100 pl of a broad-spectrum antibiotic cocktail by oral gavage
daily for a total of 5 d prior to tumor injection. The antibiotic
cocktail contained ampicillin (1 g/liter), vancomycin (0.5 g/li-
ter), metronidazole (1 g/liter), and enrofloxacin (1 g/liter). After
oral gavage, the mice were allowed to recover for 2 d. FMTs were
performed by oral gavage with 50 pl of fecal suspension deliv-
ered every other day for a total of three times. Fecal suspensions
were prepared by collecting fresh feces from donor Stat3*/2 and
Stat3*/* mice (8 wk old). Fecal material was weighed and
smashed in sterile PBS (2 mg feces/50 pl PBS) and then filtered
through a 40-pm cell strainer. Recipient Stat3*/* mice received
FMT from donor Stat3*/2 mice and recipient Stat3*/2 mice re-
ceived FMT from donor Stat3*/* mice. After FMT, mice were
allowed to recover for a week before tumor injection. FMT re-
cipients were then injected s.c. with B16-OVA cells and treated
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with aCTLA-4 or IgG i.p. biweekly for 2 wk. Antibodies were
delivered at a dose of 200 pg/mouse for the first treatment and
100 pg/mouse for subsequent treatments. Mice of different
treatment groups were maintained in separate cages throughout
the duration of the experiment. Organ samples were collected
18 d after melanoma injection.

C. rodentium infection
C. rodentium (strain DBS100; 51459; ATCC) cultures were es-
tablished using an inoculation of 10 ml LB medium with 5 ul of
concentrated bacterial stock, followed by overnight incubation
at 37°C in a bacterial shaker incubator. The following day, 3 ml of
the bacterial culture was transferred to 300 ml LB medium and
incubated for an additional 2.5 h until ODggo = 0.8-1.0. The
bacterial concentration (ODgoo of 1.0 = 5 x 108 bacteria/ml) was
confirmed by plating serially diluted bacterial cultures on LB
plates and determining CFU activity (Bouladoux et al., 2017).
C57BL/6] mice were injected s.c. with B16-OVA cells and
treated with aCTLA-4 or IgG as indicated. Mice were infected
with C. rodentium 11 d after tumor establishment, using oral
gavage with 4-6 x 10° C. rodentium in a total volume of 200 ul
PBS per mouse. Body weight and tumor sizes were measured
over time following infection, and mice were euthanized 18 d
after tumor injection (7 d after infection) or when weight loss
was >20%. To evaluate tissue CFU, spleen and liver were col-
lected following euthanasia; organs were weighed, homogenized
using a sterile syringe plunger, and homogenates were diluted in
0.5-1 ml sterile PBS. Serial dilutions of 100 ul were transferred
to LB plates, spread, and incubated at 37°C for 24 h. CFU was
enumerated after 24 h.

DSS administration in melanoma-bearing mice

C57BL/6] mice were injected s.c. with B16-OVA cells and treated
with aCTLA-4 or IgG i.p. biweekly for 2 wk. Antibodies were
delivered at a dose of 200 ug/mouse for the first treatment and
100 pg/mouse for subsequent treatments. Mice were given 2.5%
DSS (MP Biomedicals) in drinking water 11-15 d after melanoma
injection for a total of 5 d. Organ samples were collected 18 d
after melanoma injection.

Immune cell isolation from colonic LP

Following dissection, colon tissue was placed in ice-cold PBS
immediately and maintained on ice for further processing.
Mesenteric material, fat, and Peyer’s patches were removed.
Colon sections were cut open, feces removed, and colon tissue
was cut into 1-2 cm pieces. In some experiments, 1 cm of the
proximal colon and 1 cm of the distal colon was harvested for
protein lysate preparation or histological assessments, leaving
the remaining colon tissue for immune cell isolation. Colon
tissue pieces were placed in 8-ml ice-cold PBS and shaken vig-
orously by hand at room temperature for 2 min. Tissue pieces
were transferred to 20 ml PBS containing 1 mM dithiothreitol
(Sigma-Aldrich), 30 mM EDTA (Sigma-Aldrich), and 10 mM
Hepes (Sigma-Aldrich) at room temperature. The samples were
placed in a bacterial shaker incubator horizontally, rotated at
37°C for 10 min at 200 rpm, and then shaken by hand at room
temperature for 1 min (Kim et al., 2018). Tissue pieces were
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transferred to new tubes containing a fresh solution of 20 ml
PBS, 30 mM EDTA, and 10 mM Hepes, and were shaken for a
second 10 min as indicated. The tissue pieces were rinsed gently
with RPMI medium containing 2% heat-inactivated FBS (RPMI/
2% FBS) at room temperature. Tissue pieces were transferred to
tubes containing 5 ml of RPMI medium, 10% FBS, 200 U/ml
collagenase VIII (Sigma-Aldrich), and 150 pg/ml DNase I (Sigma-
Aldrich). Tissues were digested by shaking in a bacterial shaker
incubator at 100 rpm at 37°C for 1 h and then shaken by hand at
room temperature for 1 min. The digested tissues were placed on
a 100 pm cell strainer; single cells in the flow-through were
collected. Cells were centrifuged at 600 g for 5 min at 4°C and
resuspended in 4 ml 40% Percoll (Sigma-Aldrich) in RPM1/2%
FBS. The Percoll-cell solution was layered on top of 4 ml 80%
Percoll in RPMI/2% FBS and centrifuged at 1,300 g at room
temperature for 20 min; spins were concluded without using the
centrifuge brake. The cells at the interface of the 40 and 80%
Percoll solutions were collected; cells were washed once with
ice-cold PBS/2% FBS prior to antibody incubations.

Immune cell isolation from BM

BM cells were flushed and red blood cells were removed using
RBC Lysis Buffer (Tonbo Bioscience). Lineage~ (lin") BM pro-
genitors were enriched by magnetic bead separation using bio-
tinylated rat anti-mouse antibodies against CD3 (145-2Cl;
eBioscience), CD45R (RA36B2; eBioscience), CD1lb (M1/70;
eBioscience), Ter-119 (Ter-119; eBioscience), and Ly6G/Ly6C
(RB6-8C5; eBioscience) followed by negative selection with anti-
rat Ig conjugated Biomag beads (Miltenyi Biotec). The lin~ cells
were washed once with ice-cold PBS prior to antibody
incubations.

Immune cell isolation from tumors, spleen, and LNs

Single-cell suspensions were generated from tumors, spleen,
and LNs by smashing tissues with a sterile syringe plunger onto
a 100-pum cell strainer; cells were rinsed through the strainer
with RPMI/2% FBS at room temperature. For spleen cell iso-
lations, red blood cells were first removed using RBC Lysis
Buffer (Tonbo Bioscience) following the manufacturer’s rec-
ommendations. Cells were centrifuged at 600 g for 5 min at 4°C
and resuspended in ice-cold PBS/2% FBS prior to antibody
incubations.

Antibody staining and flow cytometry

Single-cell suspensions were plated in 96-well V-bottom plates
at 1 x 10%-3 x 10° cells per sample. For T cell subset analysis,
samples were incubated with 0.5 pg/ml ionomycin (Sigma-Al-
drich), 50 ng/ml PMA (Sigma-Aldrich), and GolgiStop (BD Bio-
sciences) for 4-6 h for intracellular cytokine accumulation prior
to Fc receptor blocking. For all samples except lin- BM pro-
genitors, cell surface Fc receptors were blocked by incubation
with rat anti-mouse CD16/32 antibody (1:100; Tonbo Bioscience)
for 15 min at 4°C. Cells were incubated with fluorescently
conjugated antibodies for surface makers for 30 min at 4°C;
subsequently, T cells were fixed and permeabilized using
commercial reagents (Intracellular Fixation and Permeabiliza-
tion Buffer Set; eBioscience) and stained with antibodies
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against intracellular proteins for 30 min at 4°C (Liu et al., 2019).
All antibodies were purchased from BioLegend, eBioscience, BD
Biosciences, or Tonbo Biosciences (Table S7). Dead cells were
discriminated in all experiments using Ghost Dye Violet 510
(Tonbo Biosciences). OVA-specific CD8* T cells were analyzed
by staining with SIINFEKL/H-2Kb-Pentamer (F093-4A; Prolm-
mune). Precision Count Beads (BioLegend) were added into
samples for cell number calculation.

Flow cytometry analysis was performed on LSRII and
LSRFortessa flow cytometers (BD). Data was acquired using
FACSDiva 8.0 software (BD). Flow cytometry files (.fcs) were
analyzed using Flow]Jo 10.6.2 software (BD) through traditional
manual gating or unsupervised gating strategies. Dimension
reduction was performed using the tSNE algorithm, and clus-
tering was performed using the FlowSOM algorithm in
Flow]Jo 10.6.2.

For generating tSNE plots, the flow cytometry data from
three tissue types, colon (n = 28), tumor (n = 29), and spleen (n =
27) were analyzed with dimension reduction and unbiased
clustering algorithms along with traditional, manual gating
methods. For both the colon myeloid (maximum 150,000 events
per mouse) and tumor T cell (maximum 10,000 events per
mouse) panels, an equal number of viable single CD45* cells
were evaluated from each biological murine sample and con-
catenated into one file, unless the flow cytometry file contained
a low number of events, in which case all events in the described
population were used. For the spleen panel, the concatenated file
was generated using viable single cells, with a maximum of
50,000 events per mouse. For the colon T cell panel, a total of
37,625 viable single CD90.2* or CD19* cells were evaluated from
each treatment group. Next, the dimension reduction algorithm
tSNE (software embedded plugin) and the unbiased clustering
algorithm FlowSOM (version 2.6) were used to identify cell
populations, using all surface markers in the panel for algorithm
computation except viability dye and CD45. The algorithm input
population for the colon myeloid panel was single, live, CD45*
myeloid cells (CD11b* CD1lc™, CD11b~CDllc*, and CD11b* CDlic*
cells); the colon T cell panel was single, live lymphoid cells
(CD90.2* CD19-, CD90.2-CD19*, and CD90.2* CD19* cells); the
tumor T cell panel was single, live, CD45* CD3* cells; and the
spleen panel was single, live cells. Manually gated populations,
FlowSOM clustered populations, mouse genotype and treatment
groups, and surface marker expression were overlaid on tSNE
maps to confirm immune subset populations in an unbiased
manner and to visually represent the changes in immune subset
populations with treatment groups. Manually gated and Flow-
SOM cluster population frequencies of single, live, CD45* or
single, live cells were calculated for all mice and for individual
mice for statistical analysis.

Cytokine detection by multiplex assays

To prepare protein lysates from colon tissue, 1 cm of the prox-
imal colon was harvested, washed with PBS, and minced into
small pieces (~1 mm). Colon pieces were resuspended in 500 ul
nonenzymatic cell dissociation buffer (Sigma-Aldrich) and
treated by sonication on ice for 1 min for 20 timed cycles using
the Ultrasonic Processor W-385, Heat Systems-Ultrasonics, Inc.
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Cycle time was set to 2 s, 60% duty cycle at maximum output
control. Samples were centrifuged at 2,000 g for 10 min at 4°C to
remove cell debris. Supernatants were collected and stored at
-80°C until analysis.

For serum preparation, whole blood was collected by car-
diopuncture and allowed to clot undisturbed at room tempera-
ture for 30 min. Clots were removed by centrifugation at 2,000 g
for 10 min at 4°C. Serum samples were collected and stored at
-80°C until analysis.

Cytokines in colon lysates and serum were measured by the
ProcartaPlex assay (mouse ProcartaPlex panel 1A; Invitrogen)
performed on a Luminex 200 machine (Luminex). Cytokines
and chemokines analyzed were as follows: CXCL1 (C-X-C motif
chemokine 1), CXCL2, CXCL5, CXCL10, CCL2 (C-C motif ligand
2), CCL3, CCL4, CCL5, CCL7, Eotaxin, IFN-a, IFN-y, IL-la, IL-1B,
IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p70, IL-13, IL-15/IL-
15R, IL-17A, IL-18, IL-22, IL-23, IL-27, IL-28, IL-31, G-CSF, GM-
CSF, M-CSF, leukemia inhibitory factor, and TNF-a.

Histopathology and scoring of murine samples

Colon samples were opened longitudinally and contents were
removed gently by flushing with PBS. The colon was wrapped in
a “Swiss roll” and fixed in 10% neutral-buffered formalin. In
some experiments, 1.0-1.5 cm of the distal colon was collected,
gently flushed with PBS, separated into two to three small
pieces, and fixed in formalin. Tissue samples were routinely
processed into paraffin blocks, sectioned at 5 microns, and
stained with H&E. Architectural and cytomorphologic features
were evaluated and scored by a board-certified veterinary pa-
thologist using a semiquantitative scale generated for this study
(Table S1), with 0 = no change/lesion and 4 = severe change/
tissue destruction. Histologic features scored included inflam-
matory infiltrates (estimate of populations of neutrophils or
mixed leukocytes in the LP or submucosa) and crypt hyperplasia
(mitotic figures above proliferation zone, pseudostratification of
colonic epithelial nuclei, altered crypt architecture, and loss of
goblet cells). The sum of all scored features is reported as “total
histopathology.” Data from individual animals were reported as
the mean scores from two to three tissue sections or regions per
mouse (scores were determined separately from the proximal
and distal colon of Swiss roll sections).

Immunoblot assays

Single-cell suspensions were generated from tumors by disso-
ciating tissues with a sterile syringe plunger onto a 100-pm cell
strainer. DCs (CDl1c*) and myeloid cells (CD1lc- CD11b*) were
purified by FACS from tumors by flow cytometry. Total cell
lysates and immunoblots were performed as described previ-
ously (Liu et al., 2021) using rabbit polyclonal antibodies against
STAT3 (79D7; Cell Signaling Technology) and Tubulin (B-5-1-2;
Abcam).

scRNAseq

Library generation

Colonic LP immune cells were isolated and sorted for live CD45*
cells by FACS. Cells were resuspended at a concentration of
700-1,200 cells/pl for microfluidics (Chromium Single-Cell
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Controller; 10x Genomics). Cells were loaded into the chip and
run using the Chromium Single Cell 3’ Reagent Kit v3 (10x Ge-
nomics) according to the manufacturer’s instructions. Re-
suspended single cells were partitioned in gel beads in emulsion
and lysed. Lysis was followed by RNA barcoding, reverse tran-
scription, PCR amplification (12-14 cycles), fragmentation, liga-
tion, and sample index PCR. cDNAs were quantified by D5000
ScreenTape (Agilent Technologies) on an Agilent 4200 Ta-
peStation system (Agilent Technologies). Sequencing-ready
scRNAseq libraries were quantified by 2100 Bioanalyzer
(Agilent Genomics) instrument. Sequencing was performed
on an Illumina NextSeq 500 machine (San Diego), and four
indexed samples were multiplexed into one output flow cell
using NextSeq 500/550 High Output Kit v2.5 in paired-end
sequencing (R1, 26nt; R2, 98nt, and i7 index 8nt) at the MD
Anderson Cancer Center South Campus RNAseq core facility.

Quantification of scRNAseq reads

Sequencing data were analyzed using the Cellranger pipeline
(10x Genomics, version 3.0, https://support.l0xgenomics.
com/single-cell-gene-expression/software/pipelines/latest/
what-is-cell-ranger) to generate gene count matrices. Cell-
ranger mkfastq (10x Genomics) was used to demultiplex raw
base call files from the Illumina NextSeq 500 machine into
sample-specific fastq files. Next, fastq files for each sample were
processed with Cellranger count (10x Genomics), which takes
fastq files and performs alignment, filtering, barcode counting,
and unique molecular identifier counting. The expected cell
numbers for each sample were 10%. Samples were aligned to the
murine genome (mm10), filtered, and quantified. The resulting
analysis files for each sample were aggregated using the cell-
ranger aggr pipeline, which performed a between-sample nor-
malization step and merged four samples into one.

Preprocessing of scRNAseq data

Quality control (QC), normalization, and analysis were done
using Seurat 3.0 (Butler et al., 2018; Stuart et al., 2019). Genes
that were expressed in <3 cells were excluded. Cells with unique
feature counts <200 or >2,500 genes were removed, which are
potentially poor- and high-PCR artifact cells. Finally, cells that
had over 25% mitochondrial counts were excluded, as these are
low-quality cells, dying cells, or doublets. Cells were normalized
using regression to remove the percent mitochondrial DNA
variable via the scTransform command. After QC and normali-
zation, anchors were identified and integrated colonic CD45*
immune cell datasets from the four groups were compiled into
one, enabling them to be jointly analyzed as an integrated ex-
pression matrix (FindIntegrationAnchors and IntegrateData
command). Next, PCA was performed, and dimensionality of the
dataset was determined by the heuristic method by generating
an “Elbow plot” (RunPCA and ElbowPlot command). We ob-
served an “elbow” around PC 15-16, suggesting that the majority
of true signals are captured in the first 16 PCs. For clustering and
visualization, a Uniform Manifold Approximation and Projec-
tion (UMAP) dimensional reduction was performed on a matrix
using the first 16 PCAs to obtain a two-dimensional represen-
tation of the cell states with resolution 0.1-1.2, leading to 7-22
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clusters (RunUMAP, FindNeighbors, and FindClusters com-
mand). A resolution of 0.6 was chosen for the analysis.

Doublet removal analysis

Droplet-based scRNAseq introduces multiplets where multiple
cells are encapsulated into a single drop. In our analysis, we
evaluated doublet scores for all analyzed cells with the R package
DoubletFinder v2.0 (McGinnis et al., 2019). We calculated the
doublet scores for the four groups separately with the same pN =
0.25 for all four groups, with pK = 0.01 for IgG-treated Stat3*/*
mice, pK = 0.01 for aCTLA-4-treated Stat3*/* mice, pK = 0.02 for
IgG-treated Stat3*/® mice, pK = 0.01 for aCTLA-4-treated
Stat32/2 mice, and with estimated doublet rates = 0.045 for IgG
or aCTLA-4-treated Stat3*/* mice, 0.015 for IgG-treated Stat3/4
mice, and 0.035 for aCTLA-4-treated Stat32/2 mice. The Dou-
bletFinder package automatically determined thresholds for the
four groups based on the given estimated doublet rates. Cells
with doublet scores higher than thresholds were identified as
doublets by the algorithm initially. To further identify doublets
that are falsely reported as negative, we performed outlier
analysis based on the clustering information. The principle is
clustering in subgroups captures subtle variations that distin-
guish doublets from singlets. We normalized and scaled the
expression data again within each subgroup (obtained in the
preprocessing step, resolution = 0.6) and identified new clusters
again within the subgroup. For some subgroups, we observed
new clusters isolated from the major population with higher
level of doublet scores. We considered these clusters as outliers
and classified them as multiplets.

Identification of cluster-specific genes and marker-based
classification

To identify marker genes, the FindAllMarkers command was
used with likelihood-ratio test for single-cell gene expression.
For each cluster, only genes that were expressed in >25% of cells
with at least 0.25-fold difference and with a P value <0.01 were
considered. Plots were generated with either the DimPlot, Fea-
turePlot, or VInPlot commands. To characterize clusters, we
compared the expression of the top 50 differentially expressed
genes in each cluster to gene expression in purified immune
subsets analyzed by RNAseq on the ImmGen platform (Table S2;
Gubin et al., 2018; Heng et al., 2008).

Evaluation of gene set activities

We selected gene sets of interests (metabolic pathways and bi-
oprocess gene sets) from MSigDB (C2 and C5) and quantified
their activation levels with gene set variation analysis (GSVA)
and Seurat (Hanzelmann et al., 2013; Subramanian et al., 2005).
For group-level comparisons (Fig. 2 F), we used the AddModu-
leScore function in Seurat to calculate the average expression
values of the given genes that occurred in the gene set for each
cell. The scores were then summarized with the violin plots in
Fig. 2 F among four treatment groups regardless of cell types. For
cluster-level comparisons (Fig. S3 B), we calculated the average
normalized expression (the data slot of the RNA assay in a
Seurat object) and used them to evaluate the gene set activity
scores with GSVA.
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Cell crosstalk analysis

We performed the crosstalk analysis for the major cell pop-
ulations (clusters 0-15) based on the average expression levels of
ligand-receptor pairs. We excluded the minor populations
(clusters 16-18) because the gene expression levels might be
inaccurate due to the low abundance of each cluster. The
ligand-receptor pairs analyzed were extracted from a mouse
ortholog dataset derived from a human dataset (Ramilowski
et al., 2015; Skelly et al., 2018). We used a similar strategy to
evaluate the intensity of cell-cell crosstalk (Luoma et al., 2020).
First, we calculated the average normalized expression levels
(the data slot of the RNA assay in a Seurat object) of all ligand/
receptor genes across all cell populations of interest (clusters
0-15) and kept ligand/receptor genes with average expression
levels >1 as candidate genes. Second, among the candidate genes,
we calculated the ligand-receptor scores between cluster i and
cluster j as Sy = Er;-Epj, where Er; is the average expression
level of the ligand L in cluster i, E; is the average expression
level of the receptor in cluster j, Er; > 1 and Egj; > 1. Third, we
used the permutation tests to filter ubiquitous pairs (Table S3).
For each ligand-receptor pair, we randomly shuffled the cell
type identities N times (N = 10,000) and calculated the ligand-
receptor scores S’y y according to the shuffled identities. The P
value of the pair is evaluated as the count of the event S'; z > Sy »
divided by N. We visualized the ligand-receptor pairs with P
value <0.001 in Fig. 2 G with the R package Circlize (v0.4.8; Gu
et al., 2014).

Targeted 16S rRNA gene profiling

To approximate the gut microbiome, fecal material was sub-
jected to 16S rRNA sequencing. For data shown in Fig. 4, A-C,
feces were collected from melanoma-bearing Stat3*/* and
Stat3*/* mice 3 d after tumor establishment (prior to aCTLA-4
treatment) and 18 d after tumor injection (following four doses
of aCTLA-4). Sample preparation and 16S rRNA sequencing was
performed in collaboration with the Alkek Center for Meta-
genomics and Microbiome Research at Baylor College of Medi-
cine. For data shown in Fig. 5, I-K, feces were collected from
melanoma-bearing Stat3*/2 mice 18 d after tumor injection,
following four doses of aCTLA-4 with or without aIL-6 and Abx
therapy. Sample preparation and 16S rRNA sequencing was
performed in collaboration with the MD Anderson Cancer Center
Microbiome Core. Library preparation and sequencing followed
our previously published methodology (Gopalakrishnan et al.,
2018b). In brief, bacterial genomic DNA was extracted using the
PowerSoil DNA Isolation Kit (MO BIO Laboratories). The 16S
ribosomal gene V4 region was amplified by PCR and sequenced
on the MiSeq platform (Illumina) using the 2 x 250 bp paired-
end protocol, yielding paired-end reads with a near-complete
overlap. The primers used for amplification contain adapters
for MiSeq sequencing, and single-end barcodes allow pooling
and direct sequencing of PCR products. Quality-filtered se-
quences with >97% identity were processed with the Divisive
Amplicon Denoising Algorithm 2 generating amplicon se-
quence variants that were classified with the SILVA v138
(Callahan et al., 2016; Quast et al., 2013). The relative abun-
dance of each amplicon sequence variant was determined for
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all samples. Sequencing depths ranged from 13,007 to 38,117,
with a median of 25,464 reads per sample. A rarefaction
cutoff of 13,077 reads was applied to the dataset for analyses.
Fecal microbiome abundance data from the samples were
analyzed in the statistical software R using phyloseq, DE-
Seq2, and ggplot2 packages. Within-sample diversity of the
microbiome samples was reported using Inverse Simpson
alpha diversity and then compared using Wilcoxon Rank-
Sum test. Between-sample diversity was compared using
beta diversity analysis with Bray-Curtis dissimilarity. Then
the ordination plot represents samples in terms of the top
two principal components obtained from principal coordi-
nate analysis. PERMANOVA analyses (with 999 permuta-
tions) were used to compare microbial diversity between any
two treatment groups. Using the statistical method im-
plemented in the R package DESeq2 (Love et al., 2014), we
identified significant differentially abundant taxa that are
associated with the treatment groups.

Patient cohorts for RNA and IHC studies

We evaluated samples from a cohort of patients with advanced
melanoma (stage I1I/IV) who received ICB therapy at MD An-
derson Cancer Center between 12/28/2013 and 01/17/2019 and
had developed clinical grade 3-4 colitis (n = 15; Table S4) for RNA
expression by NanoString. ICB treatment includes aCTLA-4
(ipilimumab), aPD-1 (pembrolizumab or nivolumab), or both
(ipilimumab plus pembrolizumab or nivolumab). Regions of
colitis (n = 22) and normal, noninflamed tissue (n = 7) were bi-
opsied at the time of clinical grade 3-4 colitis (Table S4). Biopsy
samples were immediately formalin-fixed and paraffin-embedded
(FFPE) upon collection. Colitis-associated pathology or normal
tissue architecture was confirmed independently by two
pathologists using H&E-stained samples. An additional set of
biopsies from noninflamed intestine (n = 19) was obtained from
19 colorectal carcinoma patients who underwent surgery
without ICB treatment. These samples were included as con-
trols in RNA analyses. For IHC studies, we analyzed samples
from a cohort of patients with advanced melanoma (stage III/
IV) who received ICB therapy at MD Anderson Cancer Center
and had developed clinical grade 3-4 colitis (n = 8; Table S6).
Regions of colitis (n = 12) and normal, noninflamed tissue (n =
8) were biopsied at the time of clinical grade 3-4 colitis (Table
S6). Biopsy samples were obtained following informed consent.
These studies were conducted under the MD Anderson Cancer
Center Institutional Review Board-approved protocols follow-
ing the Declaration of Helsinki.

Gene expression profiling by NanoString

NanoString was performed using the nCounter PanCancer Im-
mune Profiling Panel Human V1.1 (NanoString Technologies)
representing 770 cancer-related and immune response genes.
RNA was extracted from FFPE blocks using the Highpure RNA
Isolation Kit (Roche). For gene expression studies, 1 ug of RNA
was used per sample. Hybridization was performed for 16-18 h
at 65°C and then loaded onto the nCounter Prep Station for
binding and washing prior to scanning and capture of 600 fields
using the nCounter (NanoString Technologies).
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Gene expression data analysis was performed using nSolver
4.0 analysis software (NanoString Technologies; Table S5). For
QC, the overall performance of the nCounter assay was evalu-
ated by imaging and binding density QC metrics. Next, the
performance of the positive control was assessed using the
positive control linearity and limit of detection parameters. In
addition, we performed an overall visual inspection of the data
and assessed the severity of any QC flags. For background cor-
rection, we used two methods, background thresholding and
background subtraction. For standard normalization, we used a
combination of positive control normalization, which uses
synthetic positive control targets, and codeSet content normal-
ization, which uses housekeeping genes, to apply a sample-
specific correction factor to all target probes within that sample
lane. For generating normalized NanoString gene expression data,
ratios and fold change were calculated in the log, scale. The rel-
ative abundance scores were determined by subtracting the total
immune score from a single cell type score (all except CD4* T cells)
or the T cell score (CD4* T cells). The total immune cell score is
defined as the average of B, T, CD45*, macrophage, and cytotoxic
cell scores. Cell type profiling, pathway score, and differential
gene expression were analyzed by nSolver Advanced Analysis
software plugin 2.0.

IHC of colitis biopsies
For analysis of intestinal immune cell infiltration in melanoma
patient biopsies, colitis and normal intestinal FFPE tissue blocks
were serially sectioned for IHC staining. THC studies were per-
formed on a BOND automated system in combination with the
BOND Polymer Refine Detection reagents (Leica Biosystems).
IHC sections were stained with mouse or rabbit anti-human
antibodies against CD3 (1:100; polyclonal; Agilent), CD4 (1:80;
4B12; Leica Biosystems), CD8 (1:100; C8/144B; Thermo Fisher
Scientific), Foxp3 (1:50; 206D; Biolegend), or CD15 (1:40; MMA;
BD Biosciences) at the indicated dilutions. Rabbit anti-mouse
IgG and polymer anti-rabbit poly-HRP-IgG were used as
secondary antibodies (BOND Polymer Refine Detection kit,
Leica Biosystems). The substrate chromogen, 3,3'-dia-
minobenzidine tetrahydrochloride hydrate, was used to vi-
sualize immune complexes via a brown precipitate (BOND
Polymer Refine Detection kit, Leica Biosystems). Hematox-
ylin (blue) counterstaining allowed visualization of cell nu-
clei. Slides were scanned and digitized using the Aperio
Scanscope AT Turbo scanner (Leica Biosystems).
Quantitative analysis of IHC staining was conducted using
the software Aperio ImageScope (Leica Biosystems). Five ran-
dom areas were selected using a customized algorithm for each
marker to determine the number of positive cells at a high-
power field. The data were expressed as the number of posi-
tive cells per mm?. IHC staining was interpreted in conjunction
with H&E-stained sections.

Statistical analyses

Statistical analyses were performed using GraphPad Prism 8 or
R. Statistical analyses of immune cell amounts, cytokine and
chemokine amounts, histopathological scores, tissue CFU, and
human IHC scores were determined by two-tailed Student’s
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t test or ordinary one-way ANOVA with Tukey’s multiple
comparisons test using Prism. Body weight change and tumor
size measurements were evaluated by ordinary two-way AN-
OVA with Sidak multiple comparisons using Prism. A 95%
confidence interval was calculated. For 16S rRNA gene profiling,
alpha diversity was analyzed by the Wilcoxon Rank-Sum test,
beta diversity was analyzed by Bray-Curtis dissimilarity, and
differentially abundant taxa were identified by statistical
method implemented in the R package DESeq2. Data are from
distinct samples or animals, presented as mean + SEM. Differ-
ences were considered significant when P < 0.05.

Online supplemental material

Fig. S1 shows the flow cytometry gating strategy for colonic LP
immune cells and scRNAseq analysis of murine colonic LP im-
mune cells following aCTLA-4 therapy. Fig. S2 shows expression
of proinflammatory factor and granzyme mRNAs in colonic LP
immune cells from mice on aCTLA-4 therapy. Fig. S3 shows
pathway analysis and crosstalk between colonic LP immune cells
from mice on aCTLA-4 therapy. Fig. S4 shows characterization
of the immune response in various tissues from mice on aCTLA-4
therapy. Fig. S5 shows the effects of neutrophil depletion, IL-6
blockade, or antibiotics on aCTLA-4-associated intestinal toxicity.
Table S1 shows the scoring system for colonic inflammation. Table
S2 shows differential gene expression of scRNAseq clusters. Table
S3 shows ligand-receptor pairs across scRNAseq clusters. Table S4
provides data for the patient cohort used in NanoString analyses.
Table S5 shows normalized gene expression of samples analyzed
by NanoString. Table S6 provides data for the patient cohort used
for THC studies. Table S7 includes the antibodies used for flow
cytometry analyses.

Data availability
The scRNAseq data (Fig. 2, A-G) are available at the Gene Ex-
pression Omnibus under accession code GSE159892. 16s RNA
gene profiling data (Fig. 4, A-C; and Fig. 5, I-K) are available at
NCBI BioProject under project code PRJNA670730.

The code generated for this current study is available from
the corresponding author upon request. The code is stored at
https://github.com/chansigit/irae_reproduction.
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Figure S1. Flow cytometry gating strategy for colonic LP immune cells and scRNAseq analysis of colonic LP immune cells following aCTLA-4

therapy. (A) Gating strategy of colonic LP lymphoid cell subsets. (B) Gating strategy of colonic LP myeloid cell subsets. (C~E) Stat32/2 and Stat3*/* mice bearing
B16-OVA tumors were treated biweekly for 2 wk with IgG or aCTLA-4. Colonic LP immune cells were subjected to scRNAseq as indicated in Fig. 2; n = 7-8 per
group. (C) Distinct composition of colonic LP immune cell populations in mice of indicated genotypes and treatments (left), with expanded view of myeloid
clusters (right). (D) Feature plots of selected cluster-defining genes. (E) Heatmap of the top five differentially expressed genes in each cluster.
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Figure S2. Expression of pro-inflammatory factor mRNAs in colonic LP immune cells from mice on aCTLA-4 therapy. Colonic LP immune cells were
subjected to scRNAseq as indicated in Fig. 2; n = 7-8 per group. (A) Feature plots of combined groups depicting single-cell mRNA expression of pro-
inflammatory factors. (B) Dot plots showing differentially expressed cytokines across clusters and treatment groups. (C) Cytotoxic gene signature in
T cells across different treatment groups.
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Figure S3. Pathway analysis of colonic LP immune cells from mice on aCTLA-4 therapy. Colonic LP immune cells were subjected to scRNAseq as in-
dicated in Fig. 2; n = 7-8 per group. (A) Expression module scores of Gene Ontology (GO) terms, computed for the aggregated dataset of individual groups. (B) Gene
set activation score of myeloid (left) and T (right) cells in each experimental group computed by GSVA. (C) Analysis of cytokine and chemokine receptor-ligand pairs
across clusters of each experimental group. All shown interactions were statistically significant based on a permutation test (Table S3). Arrows denote directionality

from ligand to receptor.
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Figure S4. Characterization of immune responses in mice on aCTLA-4 therapy. Stat3%/2 and Stat3*/* mice with B16-OVA tumors were treated biweekly
for 2 wk with IgG or aCTLA-4. (A) Absolute numbers of colonic LP immune subsets; n = 7 per group. (B) Absolute numbers of mLN immune cell populations. For
plots of viable cells and myeloid cells, n = 5-11 per group. For plots of lymphoid cells, n = 5-6 per group. (C) Mean fluorescence intensity (MFI) of MHC and co-
stimulatory molecules on mLN DCs; n = 6-7 per group. (D) Absolute numbers of splenic immune cells; n = 11-12 per group. (E) Absolute numbers of neutrophils
and monocytes in BM; n = 5 per group. (F) Absolute numbers of MPPs (multipotent progenitors), CLPs (common lymphoid progenitors) and MEPs (mega-
karyocyte-erythroid progenitors) in BM; n = 9-10 per group. (G) Absolute number of tumor-infiltrating B cells, DCs, neutrophils, and macrophages; n = 18-21
per group. Data shown as mean + SEM. Results from two to five independent experiments. Data were analyzed by one-way ANOVA (D, F, and G). * P < 0.05, **

P < 0.0, *** P < 0.001, **** P < 0.000L
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Figure S5.  Effects of neutrophil depletion, IL-6 blockade, antibiotics, or FMT from WT mice on aCTLA-4-associated toxicity. (A-E) Stat32/2 mice with
B16-OVA tumors were treated biweekly for 2 wk with 1gG or aCTLA-4; Ly6G or IL-6 antibodies (aLy6G or alL-6, respectively) were injected 12 and 15 d after
tumor establishment. Colon cytokines and immune subsets were analyzed 18 d after tumor establishment and completion of therapy. (A) Schematic diagram of
experiment. (B) Tumor growth over time; n = 11-17 per group. (C) Differentially expressed cytokines in colon (i.e., cytokines with fold change <0.7 or >1.4);
expression normalized to mean concentration in aCTLA-4-treated Stat3%/2 mice; n = 8-14 per group. (D) Neutrophil and Th1 cell numbers in colonic LP; n =
4-6 per group. (E) Histopathology score; n = 5-11 per group. (F) Stat3%/2 and Stat3*/* mice with B16-OVA tumors were treated biweekly for 2 wk with 1gG or
aCTLA-4. Fecal samples were collected prior to (3 d) and following aCTLA-4 treatment (18 d); microbiome composition was characterized by 16S rRNA gene
profiling, as described in Fig. 4. Composition plots representing relative abundance of microbial taxa (obtained from 16S rRNA gene profiling of the fecal
samples) at the genus level. (G-K) Recipient Stat32/2 mice were given fecal transplantation from donor Stat3*/* mice. Recipient Stat32/2 mice were injected
with B16-OVA cells and treated with aCTLA-4 or IgG i.p. biweekly for 2 wk. Organ samples were collected 18 d after melanoma injection. (G) Representative
photomicrographs of colonic mucosa, scale bar = 100 microns; H&E. (H) Summed scores for histopathology, neutrophil infiltrate, mixed inflammatory cell
infiltrate, and crypt hyperplasia are shown; n = 6-7 per group. (1) Differentially expressed cytokines in colon (i.e., cytokines with fold change <0.7 or >1.4); n =
6-7 per group. (J) Absolute amounts of immune cells in colonic LP; n = 6-7 per group. (K) Tumor size over time; n = 6-7 per group. (L-0) Stat32/2 mice with
B16-OVA tumors were treated biweekly for 2 wk with aCTLA-4. Mice received broad-spectrum antibiotics (metronidazole, ampicillin, vancomycin, and en-
rofloxacin; Abx) daily for 4 d prior to first aCTLA-4 injection. (L) Schematic diagram of experiment. (M) Tumor size over time; n = 11-16 per group. (N) His-
topathology scores; n = 6 for each group. (O) Differentially expressed cytokines from colon (i.e., cytokines with fold change <0.7 or >1.4), normalized to mean
concentration in aCTLA-4-treated Stat3%/2 mice; n = 6 for each group. Data shown as mean + SEM. Results from two to three independent experiments. Data
were analyzed by two-way ANOVA (B), one-way ANOVA (D and E), statistical method implemented in the R package DESeq? (F), two-tailed unpaired Student’s
ttest (H and J). * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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Provided online are seven tables. Table S1 shows the scoring system for colonic inflammation. Table S2 shows differential gene
expression of clusters. Table S3 shows ligand-receptor pairs across clusters. Table S4 shows the patient cohort for NanoString.
Table S5 shows normalized gene expression of NanoString samples. Table S6 shows the patient cohort for IHC. Table S7 is the flow

cytometry antibody list.
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