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Microbiota-dependent activation of CD4" T cells induces
CTLA-4 blockade-associated colitis via Fcy receptors

Bernard C. Lo', llona Kryczek?>, Jiali Yu?3, Linda Vatan?3, Roberta Caruso', Masanori Matsumoto’,
Yosuke Sato*, Michael H. Shaw®, Naohiro Inohara’, Yuying Xie®, Yu Leo Lei®,

Weiping Zou“?3, Gabriel Niifiez**

Immune checkpoint inhibitors can stimulate antitumor immunity but can also induce toxicities

termed immune-related adverse events (irAEs). Colitis is a common and severe irAE that can lead to
treatment discontinuation. Mechanistic understanding of gut irAEs has been hampered because robust
colitis is not observed in laboratory mice treated with checkpoint inhibitors. We report here that this
limitation can be overcome by using mice harboring the microbiota of wild-caught mice, which develop
overt colitis following treatment with anti-CTLA-4 antibodies. Intestinal inflammation is driven by
unrestrained activation of IFNy-producing CD4* T cells and depletion of peripherally induced regulatory
T cells through Fcy receptor signaling. Accordingly, anti-CTLA-4 nanobodies that lack an Fc domain
can promote antitumor responses without triggering colitis. This work suggests a strategy for mitigating
gut irAEs while preserving antitumor stimulating effects of CTLA-4 blockade.

onoclonal antibodies targeting CTLA-4;,

PD-1, and PD-L1 are widely used to pro-

mote antitumor immune responses in

a range of human cancers, but can also

lead to inflammatory toxicities, collect-
ively referred to as immune-related adverse
events (irAEs) (I-3). Colitis is a common and
severe irAE that can lead to treatment discon-
tinuation, particularly in patients receiving
a CTLA-4 inhibitor alone or in combination
with PD-1 inhibitors; intestinal inflammation
triggered by CTLA-4 blockade typically in-
volves the colon and is characterized by the
accumulation of CD4" T lymphocytes and neu-
trophils in the intestinal tissue (3-5). Analyses
of colitis-associated lymphocytes of melanoma
patients receiving CTLA-4 and PD-1 inhibitors
have further implicated the pathogenic con-
tributions of tissue-resident CD8* T cells with
cytotoxic features (6). Our understanding of
the immunological mechanisms of immune
checkpoint blockade (ICB)-induced colitis has
been impeded by the lack of robust animal
models of colitis caused by immune check-
point inhibitors. Laboratory mice are highly
resistant to intestinal inflammation following
treatment with antibodies targeting immune
checkpoints (7, 8). Therefore, current models
of ICB-induced colitis require supplemental
interventions to induce colitis such as expo-
sure to dextran sulfate sodium (DSS) or the
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use of gene-targeted mice predisposed to in-
testinal inflammation (8-11). Concurrently,
there has been increasing evidence that the
gut microbiota composition may play a role
in the susceptibility to colitis induced by ICB
therapy, although microbial alpha diversity
was similar in patients who developed ICB-
induced colitis compared with patients under-
going ICB who did not develop colitis (12-14).
However, the immunological mechanisms and
the role of the microbiota underlying irAEs in
the gut remain poorly understood.

‘We sought to establish a model of ICB-induced
colitis using mice colonized with a referenced
gut microbiota originally derived from wild-caught
mice, referred to as wild mouse microbiome-
reconstituted (WildR) mice (75). Laboratory
mouse strains colonized with free-living micro-
biota exhibit immunological features that more
closely resemble humans thus overcoming
some of the limited utility of animal models
of human diseases associated with the artifi-
cially hygienic status of conventionally raised
specific pathogen-free (SPF) mice (16-18). Pre-
viously, WildR mice were shown to provide a
more reliable model than SPF mice for anti-
cipating the outcome of clinical trials of immune-
modulating biologics (I8). Therefore, we
hypothesized that mice harboring the WildR
microbiota would be a suitable system to ex-
amine host-microbiota interactions relevant
to ICB therapy and irAEs.

Immune checkpoint blockade triggers colitis
in mice colonized with wild microbiota

To investigate the role of the gut microbiota in
ICB-induced intestinal inflammation, we first
utilized C57BL/6 [wild-type (WT)] mouse lines
with dissimilar gut microbiota composition
from various commercial vendors raised un-
der SPF conditions in addition to mice colo-
nized with the WildR microbiota. In our initial

CTLA-4 and anti-PD-1 antibodies because ...
blockade was associated with a higher clinical
risk of incurring gut irAEs compared with
single ICB treatments (3, 4). We also relied on
fecal lipocalin-2 (LCN-2) measurements to track
the kinetics and severity of intestinal inflam-
mation after starting ICB treatment (19). Con-
sistent with previous reports (7, 8), we did not
observe induction of fecal LCN-2 in SPF WT
mice originating from Jackson Laboratories
(JAX), Taconic Biosciences, or Charles River
Laboratories after treatment with anti-CTLA-4
and anti-PD-1 antibodies (fig. S1). By contrast,
fecal LCN-2 was highly induced in WT mice
colonized with WildR microbiota after two in-
jections of dual immune checkpoint inhibitors,
and the intestinal inflammation was sustained
for up to 21 days of the ICB treatment course
(fig. S1).

To directly assess the impact of the micro-
biota on host susceptibility to ICB-associated
colitis, we colonized germ-free C57BL/6 (WT)
mice with SPF JAX microbiota or WildR micro-
biota. Germ-free (GF) WT mice colonized with
SPF JAX microbiota did not develop colitis fol-
lowing ICB as indicated by fecal LCN-2 mea-
surements and assessment of gut histology
(Fig. 1, A and B). Although GF WT mice colo-
nized with WildR microbiota treated with iso-
type antibodies did not develop colitis, GF WT
mice colonized with WildR microbiota injected
with anti-CTLA-4 and anti-PD-1 antibodies lead
to clear and sustained induction of fecal LCN-2
(Fig. 1A). In addition, severe immunopathology
was observed in the large intestinal tissue sec-
tions of these animals characterized by epithelial
damage, marked infiltration of inflammatory
cells in the lamina propria and submucosa, crypt
abscesses, and apoptotic cells in the crypt epi-
thelium that are prominent features of the
disease in humans (Fig. 1B) (5). In patients,
immune checkpoint inhibitors can cause irAEs
in multiple organs (3). In the current model,
dual ICB induced immune cell aggregates in
the liver at a higher frequency in GF mice
colonized with WildR microbiota compared
with GF mice colonized with SPF JAX micro-
biota (fig. S2, A and B). Meanwhile, minimal or
no evidence of inflammation was detected in
the Kidneys, heart, or lungs after treatment with
ICB (fig. S2, A and B).

We evaluated the bacterial composition of
the microbiota by performing 16s ribosomal
RNA sequencing of fecal pellets collected from
the GF mice colonized with SPF JAX micro-
biota or WildR microbiota during treatment
with dual ICB or isotype controls. The alpha
diversity of the bacterial communities of SPF
JAX microbiota and WildR microbiota rep-
resented by Shannon indexes were similar
and unaltered by treatment with dual ICB (fig.
S3A). Moreover, a nonmetric multidimension-
al scaling plot of Bray and Curtis dissimilarity
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indexes of individual mice indicates that the
bacterial community structures of SPF JAX mi-
crobiota and WildR microbiota are dissimilar
(fig. S3B). Alterations in the WildR microbiota
were also observed in response to dual ICB co-
inciding with intestinal inflammation (fig. S3B).
To compare bacterial taxa of the WildR micro-
biota and SPF JAX microbiota, we performed
linear discriminant analysis effect size (LEfSe).
We identified 132 OTUs at greater than 97%
nucleotide sequence identity, which were dif-
ferentially abundant in the WildR microbiota
compared with SPF JAX microbiota (fig. S3C).
These findings suggest that the bacterial com-
munities of the SPF JAX microbiota and free-
living WildR microbiota are similarly diverse
yet highly divergent.

To determine the contributions of adaptive
immunity in the present model of ICB-driven
colitis, we colonized GF WT or GF Ragl’/ " mice
lacking lymphocytes with WildR microbiota
and challenged them with dual ICB or isotype
antibodies. As colitis was triggered in GF WT
mice colonized with WildR microbiota by dual
ICB, GF Rag]‘/ ~ mice colonized with WildR
microbiota did not develop colitis after treat-
ment with dual ICB or isotype control anti-

bodies (Fig. 1, C and D). Collectively, these
data indicate that induction of colitis in mice
by ICB requires both the microbiota of free-
living animals and an intact adaptive immune
response.

CTLA-4 blockade elicits intestinal inflammation
driven by CD4* T cells and IFNy

‘We then compared the respective contributions
of antibodies targeting CTLA-4 or PD-1 in the
development of ICB-driven gut inflammation.
WildR microbiota mice treated with dual ICB
or anti-CTLA-4 antibodies alone were similarly
susceptible to intestinal inflammation as evi-
denced by matching fecal LCN-2 induction and
disease severity in intestinal tissues (fig. S4, A
and B). By contrast, WildR microbiota mice
that received anti-PD-1 antibodies alone did
not develop intestinal inflammation (fig. S4,
A and B). These data indicate that CTLA-4
blockade is the principal driver of colitis in
this microbiota-dependent model, which is
consistent with human studies (3, 4). Further-
more, profiling of cecal immune cells by flow
cytometry revealed the accumulation of IFNy™,
IL-17", and double positive IFNy* IL-17" CD4*
T helper (Ty) cells 9 days after commence-
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ment of CTLA-4 blockade coinciding with
high disease severity indicated previously
by fecal LCN-2 levels (Fig. 2A). We also ob-
served the induction of IFNy* CD8" T cells
after treatment with anti-CTLA-4 antibodies
(fig. S5). Consistent with the skewed IFNy re-
sponse, we found robust Tbet but relatively
mild RORyt expression by CD4" T cells in the
intestinal tissue, further highlighting a biased
Tyl response during ICB-mediated inflam-
mation (Fig. 2B and fig. S6). Moreover, anti-
CTLA-4 antibody-induced colitis was associated
with an increase in multiple myeloid cell sub-
sets including neutrophils, monocytes, mac-
rophages, and dendritic cells in the gut (fig.
S7, A and B).

Intestinal regulatory T cells (Tycgs) €xpress-
ing Foxp3 are critical for immune homeosta-
sis and can be categorized as thymic-derived
Tregs (tTregs) OF peripherally induced Tyegs (DTregs)
which are responsive to the gut microbiota
(20, 21). In GF mice, most gut FOxp3™ Tyegs
display features suggestive of thymic origin
whereas the colonization with intact micro-
biota or select bacterial species results in the
induction of pT,gs including a subset express-
ing RORyt (22-28). In assessing FOxp3™ Tyegs
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Fig. 1. Immune checkpoint blockade induces colitis in C57BL/6 mice
harboring microbiota of wild-caught mice. (A) GF C57BL/6 (WT) mice were
colonized with SPF JAX microbiota or WildR microbiota followed by treatment
with anti-CTLA-4 antibodies and anti-PD-1 antibodies (ICB) or isotype (ISO)
every 3 days. Colitis was assessed by fecal lipocalin-2. N.S., P > 0.05; *** P <
0.001; **** P < 0.0001 versus WildR ISO, Dunnett's multiple comparisons test.
Data presented as mean + SEM. (B) Hematoxylin and eosin (H&E)-stained
sections of cecal tissues 15 days after starting ICB treatment, and histology
scores. Scale bars, 200 um. White arrowheads point to epithelial damage, black
arrowheads point to regenerating epithelia, the gray arrow indicates a crypt
abscess, and open arrows indicate inflammatory infiltrates. Each point represents

Lo et al., Science 383, 62-70 (2024) 5 January 2024

an individual mouse. n = 4 to 6 mice per group. Representative data of two
independent experiments. N.S., P > 0.05; ** P < 0.01, Kruskal-Wallis with Dunn's
test. (C) GF C57BL/6 and GF Ragl™~ mice were colonized with WildR microbiota
and treated with ICB or ISO. Colitis was assessed by fecal lipocalin-2. N.S., P > 0.05;
* P < 0.05; ** P < 0,001 versus Ragl™~ ICB, Dunnett's multiple comparisons
test. Data presented as mean + SEM. (D) H&E-stained sections of cecal tissues

12 days after starting ICB treatment and histology scores. Scale bars, 200 um. White
arrowheads point to epithelial damage, black arrowheads point to regenerating
epithelia, and open arrows indicate inflammatory infiltrates. Each point represents an
individual mouse. n = 3 to 5 mice per group. Results were confirmed using SPF mice.
N.S., P> 0.05; * P < 0.05, Kruskal-Wallis with Dunn's test.
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in the gut during ICB, we observed a reduction
in the percentages of Foxp3™ T cells (Fig. 2C)
and notably the selective depletion of RORyt"
PT.ees Whereas the relative percentages of a
Helios™ subset of tT,, cells remained large-
ly intact (Fig. 2D). The reduction of RORyt"
PTregs Was confirmed in response to anti-CTLA-4
antibody treatment preceding peak inflamma-
tion (fig. S8, A and B). Previous reports dem-
onstrate that RORyt" pTegs selectively induced
by the microbiota possess distinct immunosup-
pressive features including exaggerated expres-
sion of CTLA4, IL-10, and bacteria-reactive T cell

receptors (TCRs) (26, 28, 29). Moreover, RORyt"
PTicgs are highly enriched in the large intes-
tine but are mostly absent across systemic sites
and in tumors (28). Consistent with previous
studies, colonization of GF mice with WildR
microbiota similarly induced RORyt" pTyegs
which have higher expression of CLTA-4: com-
pared with a Helios™ subset of tTgs (fig. S9, A
and B). These data indicate that CTLA-4 block-
ade induces preferentially a Ty;1 response and a
biased depletion of RORyt" pT,egs in the gut.

The accumulation of CD8" T cell subsets at
mucosal surfaces is a common feature of lab-

oratory mouse strains colonized with the micro-
biota of free-living animals (16, 18). Moreover,
tissue-resident CD8" T cell subsets with cyto-
toxic effector features have been implicated
in the pathogenesis of ICB-induced colitis in
the clinic (6, 30), and we noted the induction
of IFNy" CD8" T cells in the present mouse
model (fig. S5). To clarify the involvement of
CD4" and CD8" T cells in ICB-driven intestinal
inflammation, we selectively depleted each
T cell subset in WildR microbiota mice during
ICB treatment (fig. S10, A and B). Anti-CD8
antibodies delayed LCN-2 induction but had
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Fig. 2. Anti-CTLA-4 antibodies elicit IFNy and CD4" T cell-mediated

colitis. (A) FACS analysis of lymphocytes isolated from cecal tissues of WildR
microbiota mice 9 days after starting anti-CTLA-4 antibody or isotype treatment.
Pseudocolor plots depict IFNy and IL-17 expression by CD4" T cells and numbers of
cytokine-expressing CD4™ T cells. Events displayed in flow plots: 2808, isotype

and 6388, anti-CTLA-4 antibody-treated. (B) Numbers of Foxp3™ CD4* T cells
expressing Thet and RORyt isolated from cecum. (C) Pseudocolor plots of Foxp3
expression by cecal T cells and percentage expression of Foxp3 by T cells. Events
displayed in flow plots: 5906, isotype and 14803, anti-CTLA-4 antibody-treated.
(D) Pseudocolor plot of Helios and RORyt expression by Foxp3* T cells and ratio of
Helios™ Treg (tTreg) to RORYL™ Treg (PTreg) Numbers. Events displayed in flow plots:
940, isotype and 1039, anti-CTLA-4 antibody-treated. Each dot represents an
individual animal. n = 4 mice per group. Representative data of two independent
experiments. ** P < 0.01; *** P < 0.001; **** P < 0.0001; unpaired two-tailed
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t-test. (E) WildR microbiota mice undergoing CTLA-4 blockade were treated with
isotype control antibodies or cell-depleting antibodies against CD4 or CD8. H&E-
stained cecal sections 12 days after starting ICB treatment and corresponding
histology scores. Scale bars, 200 um. White arrowheads point to epithelial damage,
black arrowheads point to regenerating epithelia, and open arrows indicate
inflammatory infiltrates. Each point represents an individual mouse. Data were
combined from three independent experiments. N.S., P > 0.05; **** P < 0.0001,
Kruskal-Wallis with Dunn'’s test. (F) WildR microbiota mice receiving anti-CTLA-4
antibodies were treated with neutralizing anti-IFNy antibodies or isotype control.
H&E-stained cecal sections 12 days after starting ICB treatment, and histology
scores. Scale bars, 200 um. White arrowheads point to epithelial damage, the black
arrowhead points to regenerating epithelium, and open arrows indicate inflammatory
infiltrates. Each dot represents an individual mouse. Representative data of two
independent experiments. ** P < 0.01; Mann-Whitney test.
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no impact on reducing subsequent disease se- | neutralizing antibodies displayed highly di- | mice in this disease model (fig. S12, A and
verity whereas mice that received antibodies | minished inflammation in the gut during the | B). Thus, intestinal inflammation triggered
that ablate CD4" cells were protected from ICB- | ICB treatment course (Fig. 2F). We also found | by CTLA-4 blockade in WildR mice is driven
induced gut inflammation (Fig. 2E and fig. | that IL-17A/F KO mice displayed severity of | primarily by CD4" T cell-mediated responses
S11). Furthermore, animals treated with IFNy- | gut immunopathology similar to that of WT | and IFNy.
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Fig. 3. Gene expression and clonotype analyses of CD4" T cells in segregated and underwent further clustering and supCPM rendering and
ICB-induced colitis. (A) Sort-purified intestinal CD4" T cells from WildR mice (D) circos plots showing relative abundance of each T,g subcluster by treatment
treated with isotype or anti-CTLA-4 antibodies underwent scRNA-seq analyses; group. (E) Doughnut plots showing relative abundance of clonotypes in each

each sample contained pooled cells from tissues of 3 mice per treatment cluster classified by three levels of clonal expansion. CD4* T cells with moderate
group. CD4™ T cell clusters were visualized by supervised capacity preserving clonal expansion include clonotypes with frequencies between two and four,
mapping (supCPM). (B) Circos plot showing relative contribution to each cluster ~ and CD4" T cells with marked clonal expansion include clonotypes with

identity by CD4™ T cells from each treatment. (C) Cluster 5 Ty cells were frequencies of five or greater.
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Fig. 4. Colitis induced by anti-CTLA-4 antibodies requires Fcy receptors.
(A) WT and Feerlg™~ (FcRy KO) mice were colonized with WildR microbiota
and treated with anti-CTLA-4 antibodies (ICB) or isotype control antibodies
(ISO). Colitis was assessed by fecal lipocalin-2. Statistical significance between
ICB-treated WT and FcRy KO mice was determined by Sidak's multiple
comparisons test and indicated by N.S., P > 0.05; * P < 0.05; *** P < 0.001.
Data presented as mean + SEM. (B) H&E-stained sections of cecal tissues 12 days
after starting indicated treatment and histology scores. Scale bars, 200 um.

White arrowheads point to epithelial damage and open arrows indicate inflammatory
infiltrates. Each point represents an individual mouse. N.S., P > 0.05; * P < 0.05;
Kruskal-Wallis with Dunn's test. Representative data from two independent
experiments. (C) Pseudocolor plots of cytokine expressing CD4* T cells isolated
from ceca of WildR microbiota-colonized WT and FcRy KO mice treated with

isotype or anti-CTLA-4 antibodies. Events displayed in flow plots: 2949, WT
(ISO); 2515, FcRy KO (1SO); 8060, WT (ICB); 1165, FcRy KO (ICB). (D) Numbers
of cytokine-expressing T cells. Each point represents an individual mouse.
Combined data from two independent experiments for each treatment group.
** P < 0.05; *** P < 0.001; **** P < 0.0001; Dunnett's multiple comparisons
test. (E) Pseudocolor plots of Foxp3 expression by CD4" cells isolated from
cecal tissues, and percentages of Foxp3 expression by T cells. Events displayed
in flow plots: 5949, WT (ISO); 6487, FcRy KO (ISO); 6664, WT (ICB); 4870,
FcRy KO (ICB). (F) Subsetting Helios™ tTregs and RORyt" pTregs, and the ratios of
tTregs 10 PTregs. Events displayed in flow plots: 1272, WT (ISO); 1293,

FcRy KO (ISO); 567, WT (ICB); 1024, FcRy KO (ICB). Each point represents

an individual mouse. Representative data from two independent experiments.
**¥* P < 0.001; **** P < 0.0001; Dunnett's multiple comparisons test.

To assess whether ICB alters T, subset
abundance in a clinical setting, we examined
a comprehensive single cell RNA sequencing
(scRNA-seq) data set of intestinal immune
cells isolated from ICB-treated melanoma pa-
tients who developed colitis, ICB-treated mela-
noma patients who did not develop colitis, and
control cases (6). We utilized supervised ca-
Ppacity preserving mapping (supCPM) for clus-

Lo et al., Science 383, 62-70 (2024) 5 January 2024

ter visualization (31) and observed diverse
immune cell populations similar to clusters
reported by the original investigators (fig. SI3A
and table S1) (6). We noted a singular T clus-
ter (cluster 7), defined by high expression levels
of Foxp3, Ctla4, 1110, and Cd4, which were ele-
vated in relative abundance in ICB-treated
patients who developed colitis compared with

ICB-treated patients who did not develop co-

litis and normal control samples, which is
consistent with the previous report (6) (fig. S13,
A and B, and table S1). We further segregated
the Ty cluster (cluster 7) and identified three
Treg subclusters: T, subcluster 7-1 was marked
by high expression of Helios, encoded by Ikzf2;
Treg subcluster 7-2 was defined by lower ex-
pression of Ikzf2; and T, subcluster 7-3 was
characterized by high expression of Sell and
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Fig. 5. Anti-CTLA-4 nanobodies stimulate anticancer immunity without
inducing intestinal inflammation. (A to C) WildR microbiota-colonized WT
mice were injected subcutaneously with MC38 tumor cells, then treated with
isotype, anti-CTLA-4 antibodies, or anti-CTLA-4 H11 nanobodies with half-life
extender (H11-HLE). Tumor volumes were tracked (A), and intestinal inflamma-
tion was assessed by fecal lipocalin-2 (B). (C) H&E-stained cecal sections

15 days after starting ICB treatment, and histology scores. Scale bars, 200 um.
White arrowheads point to epithelial damage and open arrows indicate
inflammatory infiltrates. Each point represents an individual mouse. * P < 0.05;
** P < 0.01; *** P < 0.001; Dunnett's multiple comparisons test (A and B), or
Kruskal-Wallis with Dunn’s test (C) versus anti-CTLA-4 group. Top symbols
denote P-values of comparison with isotype treatment group and bottom
symbols denote P-values of comparison with H11-HLE treatment group (B).
Data presented as mean + SEM (A and B). Representative data of two

independent experiments. (D to F) BALB/c mice colonized with WildR microbiota
were injected subcutaneously with CT26 tumor cells, then treated with isotype,
anti-CTLA-4 antibodies and anti-PD-1 antibodies, or H11-HLE and anti-PD-1
antibodies. Tumor volumes were tracked (D), and intestinal inflammation was
assessed by fecal lipocalin-2 (E). (F) H&E-stained cecal sections 18 days after
starting ICB treatment and histology scores. Scale bars, 200 um. White
arrowheads point to epithelial damage and open arrows indicate inflammatory
infiltrates. Each point represents an individual mouse. * P < 0.05; ** P < 0.01;
*** P < 0.001; **** P < 0.0001; Dunnett's multiple comparisons test (D, E),
or Kruskal-Wallis with Dunn’s test (F) versus anti-CTLA-4 and anti-PD-1 group.
Top symbols denote P values of comparisons with isotype treatment group, and
bottom symbols denote P-values of comparisons with HI11-HLE and anti-PD-1
treatment group (E). Data presented as mean + SEM (D and E). Representative
data of two independent experiments.

Cer7 (fig. 813, C and D). Although human Tig
subset-defining transcripts remain imperfect,
high kg2 expression may aid in the identifi-
cation or enrichment of human tTe (32, 33).
We found that the Tkz2™ tT,eg subcluster 7-1,
the most abundant T, subset, was similarly
elevated in patients undergoing ICB therapy
who developed colitis as well as ICB-treated
patients who did not develop colitis compared
with control cases (fig. SI3E). By contrast, the
relative proportion of the Isz?lo nonthymic
Treg subcluster 7-2 was diminished in ICB-
treated patients who had developed colitis
compared with ICB-treated patients who did
not develop colitis or control cases (fig. S13E).
Moreover, the percentage of Isz?lo Tteg SUb-
cluster 7-2 is sustained in ICB-treated patients
who did not develop colitis compared with
control cases (fig. S13E). Ty, subcluster 7-3
abundance was unaltered across patient groups.

Lo et al., Science 383, 62-70 (2024) 5 January 2024

These data suggest that nonthymic T, per-
sistence is selectively associated with intesti-
nal homeostasis during ICB therapy.

CTLA-4 blockade induces oligoclonal Tyl cells
with cytotoxic features

Considering the pathogenic contributions
of CD4" T cells in the current mouse model of
CTLA~4 blockade-associated colitis, we sought
to further define CD4" T cell responses by sin-
gle cell transcriptomics. Sort-purified CD4*
T cells from the intestinal tissues of isotype
or anti-CTLA-4 antibody-treated mice were
labeled with hashtag antibodies to minimize
batch effects, and pooled samples underwent
droplet-based scRNA-seq for gene expression
and paired TCRa and TCRp clonotype analy-
ses. After filtering out cells with mitochon-
drial DNA content over 25% and those with a
unique molecular identifier of <200 or >7500,

we acquired 9671 high-quality transcriptomes.
We clustered cells by using the top 5000 most
differentially expressed genes and a panel of
markers to stabilize immune lineage segrega-
tion (fig. S14 and table S2). To better preserve
the accurate correlation between geographic
distance and biological distance and improve
the visualization of intracluster variance, we
employed supCPM to project the clusters onto
a two-dimensional space (3I) (Fig. 3A). We
identified nine CD4" T cell functional subsets
and a small cluster of B cells (Fig. 3A and fig.
S14:). Following anti-CTL.A-4: antibody treatment,
we found a selective and marked increase in
IFNy" Tbet" Tyl cells defined by clusters 1 and
3 which were mostly absent in isotype-treated
mice (Fig. 3, A and B). One of the Tyl clusters
showed enhanced expression of PD-1 (cluster
3) and was further distinguished by elevated
expression of transcripts related to cytotoxicity
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(Gzma, Gzmb, Prfl) and chemokines (Ccl3,
Ccl4, Ccl5) involved in myeloid cell responses
(Fig. 3, A and B, and fig. S15A). Anti-CTLA-4
treatment resulted in a decrease in the rela-
tive abundance of follicular helper T-cells,
naive CD4" T cells, Tyegs, Tcf7" CD4" T cells,
Ty22 cells, Ty17 cells, and Ty2 cells (Fig. 3, A
and B). To better assess the impact of anti-
CTLA-4 treatment on distinct T, subsets,
we separated cluster 5 and performed further
clustering and supCPM rendering. We ob-
served three distinct Ty clusters: pTieg (cluster
5-1), tT,eg (cluster 5-2), and an intermediate
Treg subcluster defined by elevated Tbet ex-
pression (cluster 5-3) (Fig. 3C and table S3).
Consistent with previous findings, anti-CTLA-4
antibody treatment resulted in the selective
depletion of pTees (42% reduction compared
with isotype-treated mice) whereas tT,.s and
Thbet™ Tyes remained intact (Fig. 3D). Although
most cells from Tyl clusters 1 and 3 of the
isotype-treated mice expressed unique TCRs,
CTLA-4 blockade led to a substantial increase
in the frequency of clonally expanded Tyl cells
whereas a major portion of clonally expanded
Tregs Were eliminated (Fig. 3E). Further as-
sessment of clonotype abundance in Ty1 clus-
ters 1 and 3 revealed that only five clonotypes
with a frequency of 14: or higher were detected,
all of which were selectively expanded by anti-
CTLA-4 antibody treatment (fig. S15B). Among
the five enriched clonotypes, a highly dominant
clonotype (33% of C3 cells from anti-CTLA-4—
treated mice) was observed in the cytotoxic
PD-1" Tyl cluster and was 14 times more abun-
dant than the next most frequent clonotype
within the same cluster (fig. S15B). Collect-
ively, these observations indicate that colitic
Tyl cells are normally restricted under homeo-
static conditions but can be selectively induced
by anti-CTLA-4 antibodies in the presence of
microbes of the WildR microbiota.

Colitis induced by anti-CTLA-4
antibodies requires depletion of T,
by Fcy receptors

The depletion of intratumoral T, by anti-
CTLA-4 antibodies following Fcy receptor (FcyR)
engagement is thought to be one of the mech-
anisms involved in ICB-induced tumor rejec-
tion, although antitumor effects without Tcs
depletion in tumor tissue have been observed
in several studies (34-40). To test whether
analogous Fc-dependent processes occur in the
gut, we employed mice that lack the common
FcRy chain which is required for the assem-
bly and function of FcyR family members (41).
FcRy-deficient mice colonized with WildR mi-
crobiota were highly resistant to intestinal
inflammation following treatment with anti-
CTLA-4 antibodies as demonstrated by mini-
mal fecal LCN-2 induction during the course
of ICB treatment and no evidence of immuno-
pathology in cecal tissues compared with anti-
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CTLA-4 treated WT mice and isotype-treated
FcRy-deficient mice (Fig. 4, A and B). While we
observed an increase in CD4" T cells express-
ing IFNy, IL-17A, and both IFNy and IL-17A in
‘WT mice treated with anti-CTLA-4 antibodies,
the induction of cytokine-producing CD4" T cells
was not observed in FcRy-deficient mice sim-
ilarly receiving the anti-CTLA-4 antibodies nor
mice receiving isotype antibodies (Fig. 4, C and
D). Moreover, under anti-CTLA~4 antibody treat-
ment conditions, the percentages of intestinal
Foxp3™ Tyegs in WT mice were reduced com-
pared with FcRy-deficient mice and isotype-
treated mice with a notable reduction in the
proportion of RORyt" pTy, (Fig. 4, E and F).
These data suggest that FcRy-dependent
depletion of Tyeg is required for gut inflam-
mation in response to treatment with anti-
CTLA-4 antibodies.

We further assessed the function of the anti-
CTLA4 antibody Fc domain during ICB-driven
intestinal inflammation using a humanized
mouse model of CTLA-4 blockade. We chal-
lenged a CTLA-4 transgenic mouse strain in
which the extracellular and transmembrane
domains of the mouse Ctla4 sequence were
replaced by the human ortholog (huCTLA-4
KI) with anti-human CTLA-4 antibodies con-
taining a mouse IgG2a Fc domain (ipilimumab
mlgG2a), or anti-human CTLA-4 antibodies
with three amino acid substitutions (1.234A,
L235A, P329G) in the Fc domain (ipilimumab
LALAPG) rendering the Fc domain inert to in-
teract with FcyRs (36). We found that huCTLA4:
KI mice colonized with WildR microbiota and
treated with ipilimumab mlIgG2a developed
intestinal inflammation as indicated by fecal
LCN-2 levels and assessment of intestinal tis-
sue sections (fig. S16, A and B). However, there
was minimal or no indication of disease in
huCTLA-4 KI mice colonized with WildR mi-
crobiota treated with ipilimumab LALAPG,
and in huCTLA~4 KI mice re-colonized with SPF
microbiota treated with ipilimumab mIgG2a
(fig. S16, A and B). Results from this human-
ized CTLA-4 mouse model further highlight
the requirement of a functional Fc domain for
microbiota-dependent intestinal inflammation
induced by ipilimumab.

Anti-CTLA-4 nanobodies stimulate antitumor
immunity without inducing colitis

Given the requirement of Fc-FcyR interactions
in the induction of colitis by anti-CTLA-4 anti-
bodies, we hypothesized that camelid heavy
chain-only antibody fragments (VHHS) or
nanobodies which lack an Fc domain may be
used for CTLA-4 blockade therapy while re-
ducing the risk of gut irAEs. We utilized the
CTLA-4-binding H11 VHH stabilized with a
half-life extender (H11-HLE) that was previ-
ously found to exhibit anticancer activity in
some settings (35, 36). We sought to compare
the antitumor activity of H11-HLE and anti-

CTLA-4 antibodies in syngeneic tumor mod-
els; mice inoculated with tumors were also
colonized with WildR microbiota to permit
simultaneous tracking of ICB-mediated tu-
mor rejection and colitis. First, to examine
anticancer responses in a monotherapeutic
checkpoint blockade setting, we inoculated
mice subcutaneously with MC38 adenocar-
cinoma cells, and targeted CTLA-4. Compared
with isotype-treated mice in which tumors
grew as expected and reached the experimen-
tal endpoint by day 15 of the treatment course,
we found that mice receiving anti-CTLA-4
antibodies displayed reduced tumor sizes by
days 12 and 15 after starting CTLA-4 blockade
(Fig. 5A and fig. S17, A and B). Furthermore,
the same animals receiving anti-CTLA-4: blockade
developed colitis as indicated by fecal LCN-2
induction during the treatment course and
high histological disease scores in intestinal
tissues compared with animals treated with
isotype antibodies (Fig. 5, B and C). Notably,
tumor-inoculated mice receiving H11-HLE
exhibited similar antitumor activity as mice
receiving antibodies against CTLA-4 but by
contrast did not show evidence of colitis (Fig.
5,Ato C, and fig. S17, A and B). While assess-
ing MC38 intratumoral T cells—in compar-
ison to the isotype control—the percentages
0f FOXp3™ Tegs in CD4" T cells were reduced in
animals treated with either anti-CTLA-4
antibodies or H11-HLE, though to a lesser ex-
tent (fig. S18, A to C). Moreover, treatment
with anti-CTLA-4 antibodies did not alter the
percentages of Helios™ or RORyt" intratumoral
Tregs compared with isotype controls thus
indicating the tissue-specific effects of anti-
CTLA-4 antibodies on large intestinal T
subsets (fig. S18, D to F). In addition, the fre-
quencies of CD4* Foxp3™~ T cells among T cells
were similarly elevated in tumors of mice
treated with anti-CTLA-4 antibodies and H11-
HLE compared with isotype controls (fig. S18G).
Collectively, these data suggest that Fc domain-
lacking nanobodies that block CTLA-4 can stim-
ulate antitumor responses without inducing
gut irAEs.

Combination CTLA-4 and PD-1 blockade can
stimulate highly potent antitumor immune
responses but also increase the risk and sever-
ity of irAEs (3, 4). We therefore hypothesized
that the use of the Fc-lacking H11-HLE CTLA-4
inhibitor with PD-1 blockade can provide sim-
ilar therapeutic benefits while overcoming
the limitations of its associated gut toxicities.
To test this, we inoculated WildR microbiota
mice with CT26 tumor cells which require
both CTLA-4 and PD-1 blockade for efficient
tumor rejection (42). We found that as tumors
grew in isotype-treated animals, mice treated
with anti-CTLA-4 antibodies and anti-PD-1
antibodies had similarly efficient antitumor
responses compared with mice treated with
H11-HLE and anti-PD-1 antibodies, as evidenced
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by reduction in tumor sizes during the treat-
ment course compared with isotype-treated
controls (Fig. 5D and fig. S17, C and D). More-
over, only mice receiving both anti-CTLA-4: and
anti-PD-1 antibodies developed colitis whereas
isotype control mice or mice receiving H11-HLE
and anti-PD-1 antibodies did not display evi-
dence of intestinal inflammation (Fig. 5, E and
F). We further evaluated the effects of H1l-
HLE nanobodies and conventional anti-CTLA-4
antibodies, in combination with PD-L1 blockade,
in a syngeneic BI6FO melanoma implantation
model (43). Treatment with H11-HLE and anti-
PD-L1 antibodies was similarly effective as anti-
CTLA-4 antibodies and anti-PD-L1 antibodies
in limiting subcutaneous B16F0 tumor growth
but did not induce overt intestinal inflamma-
tion (fig. S19, A to E). These results indicate the
potential benefits of an Fc-lacking CTLA-4
inhibitor in combination with PD-1 or PD-L1
blockade without incurring the complications
of colitis.

Discussion

The establishment of a robust animal model
of ICB-driven colitis would be beneficial for
gaining mechanistic insights into irAEs ob-
served in the clinic and for improving current
antitumor ICB therapies with reduced tox-
icities. In this study, we demonstrate the crit-
ical role of the microbiota in colitis induced by
ICB and reveal key contributions of CD4"* Tyl
cells and IFNy in the pathogenesis of disease
which is consistent with previously reported
features of the human disease (4, 6) (fig. S20).
Several strategies have been proposed for sup-
pressing colitis without altering the beneficial
antitumor effects of ICB including neutral-
ization of TNF or IL-6 (8, 9). Moreover, the
modification of the gut microbiota by fecal
microbiota transplantation can mitigate in-
testinal inflammation induced by ICB (44).
Here, we report that CTLA-4 inhibitors that
lack an Fc domain do not induce colitis in mice
which are otherwise susceptible to colitis when
receiving conventional anti-CTLA-4 antibodies.
Importantly, anti-CTLA-4 VHHs can effectively
stimulate antitumor responses in mice without
causing gut irAEs, thus circumventing the ne-
cessity for the neutralization of various pro-
inflammatory cytokines or other strategies to
modify the microbiota to remedy intestinal
inflammation. These results also indicate that
many immunological redundancies exist in
the gut to prevent inappropriate T cell activa-
tion by the gut microbiota and that although
the microbiota-induced T,z are present,
CTLA-4 blockade by itself is not sufficient to
induce colitis.

In several genetic models, direct perturba-
tion of gut pTiee renders mice more susceptible
to intestinal immunopathologies (26, 28, 29, 45).
Furthermore, mice lacking a population of
tolerogenic RORyt" antigen-presenting cells,
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which are required for the induction of bacteria-
reactive pTi.gs, appear to develop intestinal
inflammation associated with exaggerated pro-
inflammatory T cell responses (46-48). How-
ever, CTLA-4 can also restrain T cell activation
independently of Tyees in autoimmunity and
antitumor responses (49, 50). Therefore, fur-
ther studies are needed to understand the
potential cumulative effects of T cell CTLA-4
blockade and anti-CTLA-4 antibody-mediated
depletion of Ty during colitis.

We find that a CTLA-4 inhibitor lacking an
Fc domain had similar antitumor immunity-
promoting effects as conventional anti-CTLA-4
antibodies in mice harboring WildR micro-
biota. However, some—but not all—reports in-
dicate that anti-CTLA-4 antibodies containing
an Fc domain with high binding affinity to Fc
receptors and functional Fc receptor activity
is required for optimal tumor clearance through
the selective depletion of intratumoral Tiees
(34-40). This discrepancy may be explained,
at least in part, by the dissimilarities in gut
microbiota composition described in these
animal models, as select gut bacterial strains
or microbial communities have a profound im-
pact on extra-intestinal immunity and respon-
siveness to CTLA-4 blockade for anticancer
therapy (51-53). Given that the gut microbiota
of free-living mice is highly immunogenic, the
threshold of immune tolerance disruption re-
quired for activating optimal antitumor re-
sponses may be lower in WildR mice. Moreover,
as recent data indicate that experimental mouse
models that use the microbiota of free-living
animals more accurately recapitulate human
responses to immune-modulating therapies
(8), our work provides evidence for the poten-
tial utility of an Fe-null anti-CTLA-4 antibody,
either alone or in combination with PD-1 or
PD-L1 blockade, in effectively stimulating anti-
cancer immune responses without inducing
intestinal inflammation.
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