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ABSTRACT

Background Colitis caused by checkpoint inhibitors (CPI)
is frequent and is treated with empiric steroids, but CPI
colitis mechanisms in steroid-experienced or refractory
disease are unclear.

Methods Using colon biopsies and blood from
predominantly steroid-experienced CPI colitis patients,

we performed multiplexed single-cell transcriptomics and
proteomics to nominate contributing populations.

Results CPI colitis biopsies showed enrichment of
CD4*resident memory (RM) T cells in addition to CD8*

RM and cytotoxic CD8" T cells. Matching T cell receptor
(TCR) clonotypes suggested that both RMs are progenitors
that yield cytotoxic effectors. Activated, CD38" HLA-DR*
CD4* RM and cytotoxic CD8* T cells were enriched in
steroid-experienced and a validation data set of steroid-
naive CPI colitis, underscoring their pathogenic potential
across steroid exposure. Distinct from ulcerative colitis,
CPI colitis exhibited perturbed stromal metabolism (NAD*,
tryptophan) impacting epithelial survival and inflammation.
Endothelial cells in CPI colitis after anti-TNF and anti-
cytotoxic T-lymphocyte-associated antigen 4 (anti-CTLA-4)
upregulated the integrin o4B7 ligand molecular vascular
addressin cell adhesion molecule 1 (MAdCAM-1), which
may preferentially respond to vedolizumab (anti-o.437).
Conclusions These findings nominate CD4* RM and
MAdCAM-1* endothelial cells for targeting in specific
subsets of CPI colitis patients.

BACKGROUND

Cancer  immunotherapy  with  check-
point inhibitors (CPI) blocking inhibitory
programmed cell death protein 1 (PD-I)
and cytotoxic  T-lymphocyte-associated
antigen 4 (CTLA-4), while highly effective,
frequently induces colitis in up to 25% of
patients receiving combination therapy.'
This immune-related adverse event (IRAE)
can interrupt effective therapy and preclude
rechallenge. Our understanding of the

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Checkpoint inhibitor (CPI) colitis involves CD8* res-
ident memory (RM) T cells which may give rise to
CD8" cytotoxic effectors, but the contribution of oth-
er pathogenic immune precursor populations, non-
immune populations such as stroma, and distinct
features of colitis caused by different CPI is unclear.

WHAT THIS STUDY ADDS

= This study identifies: (1) CD4* RM cells as clonal-
ly related precursors for cytotoxic CD8" effectors,
across steroid exposure; (2) stromal metabolic
pathways that impact epithelial survival and in-
flammation distinct from ulcerative colitis (UC); (3)
distinct cytotoxic and co-stimulatory pathways in
anti--cytotoxic T-lymphocyte-associated antigen 4
(CTLA-4) versus anti-programmed cell death protein
1 (anti-PD-1) colitis; (4) anti-TNF and anti-CTLA-4-
treated colitis patients that may selectively upregu-
late endothelial MAdCAM-1, which is the ligand for
the integrin targeted by vedolizumab.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= This work identifies novel precursors (CD4* RM) as
additional targets for therapeutic intervention, and
specific subsets of patients that may be more likely
to respond to targeted use of vedolizumab, in CPI
colitis.

pathogenic mechanisms of this disease state
remains limited.

Recent work has taken a patient-centered
approach, studying biopsies from endoscop-
ically confirmed CPI colitis in patients, and
subjecting these to biased and unbiased anal-
yses (single cell and bulk sequencing, flow
cytometry, and immunofluorescence).*™
While these studies have pointed to cyto-
toxic T-cell effectors and myeloid-related
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inflammation downstream of interferon, their focus has
been the steroid-naive state® or the immune compart-
ment.?* Hence, the contribution of previously unidenti-
fied components of immune, and especially non-immune,
cellular compartments is lacking. Additionally, studies
focused on steroid-experienced patients are limited. This
is also the population with the greatest clinical need, as
current therapies after steroids are empiric (eg, anti-TNF
or the anti-04B7 antibody vedolizumab) and are not
targeted to the treatment history and unique biology
of these patients. Additionally, some steroid-refractory
patients do not respond to these second-line therapies,
highlighting the urgent need for novel therapeutic
targets in this disease state.

Here we analyze an unbiased discovery cohort of
predominantly steroid-experienced CPI colitis patients
(eightsteroid-experienced, one steroid-naive), with single-
cell genomic data from both immune and non-immune
compartments, and multiple modalities of internal
proteomic validation including cytometry by time-of-
flight (CyTOF) and cellular indexing of transcriptomes
and epitopes by sequencing (CITE-seq). We also validate
against published single-cell studies of steroid-naive CPI
colitis to identify common and distinct mechanisms of
disease. This work nominates important contributions
of activated CD4" resident memory (RM) cells (in addi-
tion to known contributions of CD8" RM and cytotoxic
effector populations), and homeostatic pathways in
non-immune stromal populations impacting epithelial
survival, to CPI colitis across the steroid exposure spec-
trum. We also identify subsets of steroid-experienced CPI
colitis patients which may preferentially upregulate the
vedolizumab target MAdCAM-1. This identifies specific
patient subsets that may benefit from both existing and
novel therapeutic approaches for this IRAE.

RESULTS

A multiomic workflow to study CPI colitis

To study checkpoint inhibitor-induced colitis (CPI colitis)
through an unbiased, multiomic lens, we performed
multiplexed single-cell RNA sequencing (scRNA-seq)
and T cell receptor (TCR) sequencing (TCR-seq) (10x
Genomics), with barcoded antibody staining for protein
features (TotalSeq-C, BioLegend), on patient colon biop-
sies and peripheral blood mononuclear cells (PBMCs)
from healthy controls, patients with UC, and patients
with CPI colitis (figure 1A, online supplemental table
S1). Viably cryopreserved intestinal biopsies were thawed
in a single batch and digested into single-cell suspen-
sions, which minimally impacts gene expression and
cell representation in biopsies compared with fresh
processing.” In a separate experiment, cryopreserved
PBMCs from the same patients were also thawed in a
single batch. For both workflows, biopsies or PBMCs were
pooled in a single tube prior to processing for single-cell
sequencing. After sequencing, single cells from specific
patients were computationally deconvoluted by matching

donor-specific single-nucleotide polymorphisms obtained
from bulk RNA sequencing.’ In a distinct workflow, a
sample of thawed and digested biopsy cells was taken for
separate single-cell proteomic analysis via mass cytom-
etry (CyTOF, panel in online supplemental table S2). In
total, the donors included nine patients with cancer and
histoendoscopically confirmed colitis from CPI therapy:
six received anti-PD-1 (oPD-1) therapy alone and three
received combination oPD-1 + anti-CTLA-4 (aCTLA-
4). These were compared to three healthy controls
(HC) undergoing colonoscopy and three patients with
UC (online supplemental table S1). One UC patient
(HS6) did not yield viable single cells from biopsy after
processing, but contributed to the blood data. Cells
from CPI colitis patient HS11 were present in the biopsy
data, but not in the blood data. Of note, most CPI colitis
patients had previously received corticosteroids before
biopsy, with three patients receiving TNF blockade (all
had been treated with oPD-1). One individual (HS10)
received vedolizumab in addition to TNF blockade for
their aPD-1 colitis. While most patients had a suboptimal
initial response to corticosteroids and required further
immunosuppression (TNF blockade and/or vedoli-
zumab) and were therefore steroid-refractory, three of the
patients (HS7, HS8, and HS13) did eventually respond
to increased corticosteroids alone (online supplemental
table S1).

scRNA-seq identifies key conserved populations in CPI colitis
samples

After quality control and unbiased clustering, 50,845 and
43,791 sequenced biopsy and blood cells passed filter,
respectively. Using Leiden clustering followed by semi-
supervised annotation (Methods, marker genes/proteins
in online supplemental table S3), we identified conserved
coarse immune populations in both biopsies and blood,
as well as additional coarse non-immune populations
in biopsies (figure 1B,C). Cells were well distributed by
disease state, and prior CPI and immunosuppression
(figure 1B and online supplemental figure S1). We were
able to further subcluster several coarse populations (B
and plasma cells, CD4" and CD8" T cells, myeloid cells,
cycling populations, epithelial cells, endothelial cells,
and stromal cells) into fine subpopulations in biopsies
(figure 1D and online supplemental figure S2A,B) and
blood (figure 1E and online supplemental figure S2C).
Importantly, in colonic biopsies, this includes a cytotoxic
CD8" Twcell subset expressing GZMB, PRFI, and IFNG
(“CD8T GZMB”), a separate cytotoxic subset expressing
GZMK, DUSP2, and EOMES (“CD8T GZMK”), as well as
a distinct tissue-RM population expressing CD69, ITGAE,
and ITGAI (“CD8T RM”). For CD4" T cells, in addition
to FOXP3' regulatory T cells (“CD4T reg”), CXCR5" follic-
ular helper T cells (“CD4T fh-like”), and S100A4, VIM,
and IL7R expressing memory cells, there was similarly
an RM population expressing CD69, ITGAE, and ITGA1
(“CD4T RM”). Both CD8" and CD4" T cells include a
naive KLF2" SELL' subset. Hence, canonical immune and
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Figure 1 scRNAseq identifies key conserved populations in CPI colitis samples. (A) Schematic of study design. Peripheral
blood or colon biopsies from all patients were, respectively, pooled, stained for CITE-seq, underwent scRNA-seq and TCR-
seq workflows, and were later deconvoluted by patient single-nucleotide polymorphisms (SNPs) via demuxlet. A separate split
of biopsy samples was barcoded, pooled, and analyzed via mass cytometry (CyTOF). (B-C) Uniform Manifold Approximation
and Projection (UMAP) plots of total cells from biopsy (B) or blood (C) data. Coarse annotations are shown by color at left.
Biopsy data is also separately shown by disease state and checkpoint inhibitor received. (D) Dot plots showing landmark
genes for coarse annotations (top), CD4" T-cell subsets (bottom left), and CD8+T cell subsets (bottom middle) in biopsy
samples. Expression of immunotherapy targets are additionally shown in CD8" T-cell subsets (bottom right). (E) Dot plots
showing landmark genes for coarse annotations (left), CD4* T-cell subsets (top right), and CD8+T cell subsets (bottom right)

in blood samples. CITE-seq, cellular indexing of transcriptomes and epitopes by sequencing; CPI, checkpoint inhibitors;
CyTOF, cytometry by time-of-flight; HC, healthy controls; PD-1, programmed cell death protein 1; scRNA-seq, single-cell RNA
sequencing; SNP, single-nucleotide polymorphisms; TCR-seq, T cell receptor sequencing; UC, ulcerative colitis.
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Figure 2 CPI colitis is associated with cytotoxic T-cell activity and myeloid dysregulation, distinct from ulcerative colitis.

(A) Cell frequency of coarse annotated total immune cells by scRNA-seq (left) or CyTOF (right) in biopsies, stratified by disease
(mean+SD; each dot represents one patient; *p<0.05and g<0.1). (B) Number of scRNA-seq differentially-expressed (DE) genes
(p<0.05and log,(FC)>1o0r <-1) between disease states, for each coarse immune population. (C) scRNA-seq DE genes in healthy
versus CPI colitis biopsies by immune populations, with DE genes of interest labeled and color coded by category. (D) Number
of DE genes (p<0.05and |log,(FC)| >1) that are found uniquely in only healthy versus CPI colitis, only healthy versus ulcerative
colitis (UC), or in both comparisons in biopsy samples, for each coarse immune population. (E) Overlapping DE genes (left) in
both healthy versus CPI colitis (x axis) and healthy versus UC (y axis) as well as DE genes between UC and CPI colitis (right)
with genes of interest labeled, for CD8" T cells. CPI, checkpoint inhibitors; CyTOF, cytometry by time-of-flight; HC, healthy

controls; scRNA-seq, single-cell RNA sequencing.

non-immune populations are identified in CPI colitis
patients, including both cytotoxic and resident memory
T-cell subpopulations in inflamed colitis tissues.

CPI colitis is associated with cytotoxic T-cell activity and
myeloid dysregulation, distinct from ulcerative colitis

Cell abundance analysis of scRNA-seq data revealed
significant enrichment of cytotoxic CD8" T cells in CPI
colitis biopsies compared with HC, while group 3 innate
lymphoid cells (ILC3s) were depleted (figure 2A, left).
Notably, these significant changes were not seen in UC
with varying endoscopic severity, compared with either
CPI colitis or HC. CyTOF analysis based on manual
gating of canonical cell type markers shows a similar, but
not significant, trend of increased CD8" T cells in CPI
colitis (figure 2A, right). In the blood, general immune
subtypes did not show significant changes across disease

conditions, indicating a lack of remodeling of peripheral
immune responses (online supplemental figure S3C,D).
Differentially expressed gene (DEG) testing in biopsies
between disease conditions further revealed large gene
expression shifts (llog, (fold change)|>1) thatwere specific
to CPI colitis tissues over both HC and UC, and occurred
across multiple immune and non-immune populations
(figure 2B, DEG lists by disease in online supplemental
tables S4 and S5). Within the T-cell compartment, CD8" T
cells upregulated numerous genes indicating an activated
state, including immune checkpoints CTLA4 and LAG3,
ectoenzymes ENTPDI and CD38, T-cell activation marker
HLA-DRA, and transcription factor BATF, which is essen-
tial for effector CD8" T-cell differentiation’ (figure 2C).
CD8" T cells also overexpressed effector molecules
including /FNG and cytolytic genes PRFI, GZMB, GZMA,
and GZMH, suggesting mechanisms for colon damage
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mediated by these effector cells. Upregulation of cell
trafficking-related genes including integrin ITGAE,
chemokine receptor CXCR6, chemokines CCL4and CCLS5,
and ITK (which is required for gut homing® supports
their role in T-cell recruitment to inflamed tissues. Anti-
inflammatory ANXA I was downregulated, which has been
shown to exacerbate T cell-dependent inflammation.’
Interestingly, TNFwas also downregulated, implying that
CD8"-derived TNF may not underlie inflammation in
these cases of CPI colitis. Gene Set Enrichment Analysis
(GSEA) confirms CD8" T-cell upregulation of pathways
associated with chemokine signaling and TCR signaling
including /7K, as well as global interferon signaling seen
across cell populations (see below) (online supplemental
figures S4A and S5A, online supplemental tables S6 and
S7). While CD4" T cells in CPI colitis showed similar
downregulation of ANXAI and upregulation of CCL4 and
to a lesser extent IFNG (log,(FC)=0.68), their differential
expression of other genes in CPI colitis was minimal. yd T
cells also overexpressed a similar suite of genes including
LAG3, GZMB, and chemokine/receptors CCL3L3 and
CX3CRI. They additionally overexpressed SOCS3, which
may provide negative feedback for interferon (IFN)-y
signaling. T cell-intrinsic gene expression changes were
robust across individual patients despite distinct primary
tumor types (online supplemental figure S6), arguing for
a conserved adaptive immune signature in this primarily
steroid-experienced CPI colitis cohort.

The cycling population is a heterogeneous population,
which forms a joint cluster driven by shared overexpres-
sion of proliferative genes such as STMNI and MKI67.
Because of this, we found DEGs in cycling cells in CPI
colitis (over healthy) to be highly impacted by marker
genes of specific constituent cell populations (figure 2C).
Specifically, CPI colitis cycling populations had higher
expression of cytotoxic T-cell genes including CD3D,
CD3G, CD3E, TRAC, CD7, CDSA, CDSB, GZMB, GZMA, and
IFNG, as well as T-cell activation markers CTLA4, BATF,
ENTPDI, TIGIT, and LAG3, suggesting a propensity for
cytotoxic CD8" T-cell subsets to proliferate in this disease
state. Conversely, plasma cell-associated marker genes
CD79A, JCHAIN, IGHA1, IGHA2, IGKC, IGLL5, TNFRSFI17,
and MZBI were downregulated in the CPI colitis cycling
population, suggesting quantitative depletion of cycling
plasma cells. Additionally, non-cycling plasma cells had
similar downregulation of JCHAIN, IGHA2 and IGLLS5,
but also survival factors TNFRSFI3B and CD44" and
gut-homing integrins /TGA4 and ITGB?7, pointing to the
possible impairment of homing, activation, and survival
of plasma cells in the CPI colitis state.

Overall myeloid gene expression changes were also
similarly related to the heterogeneous composition of
this population. The upregulation of lineage markers for
inflammatory macrophages (CDI14, CD6S8, CIQA, CIQB,
CIQC), and downregulation of dendritic cell marker
genes (CDIC, CLEC9A, CLECIO0A, and CD83) (figure 2C)
may be related to quantitative chances in their abun-
dance (see below). In addition to this, upregulation of

pro-inflammatory molecules (CD38, CD40, IL32; chemo-
kines CCL3/4/18, CXCL9/10; cathepsins; and inflamma-
tory potentiators SI00AS/9), and downregulation of the
anti-inflammatory molecule ANXAI, collectively reflect
the contribution of pro-inflammatory macrophages to
CPI colitis pathology.

Across the immune compartment, the changes in cell
type abundance seen in CPI colitis were generally not seen
in UG, arguing for distinct immunopathology. This is also
supported by a comparison of gene expression changes
in these two pathogenic states. Most genes that are differ-
entially expressed in CPI colitis versus HC (llog, (FC)I>1)
were not differentially expressed when UC and HC are
compared (figure 2D). This is exemplified by the cyto-
toxic CD8" T-cell population, which generally does not
co-regulate genes in common in the healthy comparisons
with either CPI colitis or UC (figure 2E, left). This is also
shown by direct DE testing between CPI colitis and UC,
which confirms that many of the same genes in the CPI
colitis comparison with HC, are distinctly upregulated
in CPI colitis as distinct effector molecules from UC.
These include IFN signaling molecules IFNG, STAT1, and
JAK3; cytotoxic genes PRFI, GZMB, GZMA, and GZMH,;
immune checkpoints LAG3, CTLA4, and TIGIT; activa-
tion molecules CD38, TNFRSF9, BATF, and HILA-DRA;
and trafficking-related genes CXCR6, ITGAE, and CCL4
(figure 2E, right). The immune checkpoints 7/GIT and
TNFRSF9 are uniquely upregulated in the direct CPI
colitis versus UC comparison (and not vs HC), pointing to
unique overexpression of these regulatory mechanisms in
the CPI colitis disease state. Although the UC sample size
was small (n=2 with multiplexed biopsy data), and heter-
ogenous with regard to endoscopic activity (Discussion),
a separate dedicated analysis of UC patients compared
with HC” confirmed the unique immunopathology of CPI
colitis highlighted here.

The CPI colitis microenvironment is characterized by dendritic
cell and macrophage dysregulation, and expanded CD4*

RM precursors that are clonally related to CD8* RM and
pathogenic cytotoxic T cells

Subclustering of immune populations from biopsies
reveals key contributions for myeloid and T-cell subtypes.
Myeloid subclustering (online supplemental figure
S2A) demonstrated significant macrophage enrich-
ment, accompanied by depletion of conventional type 1
dendritic cells (cDCls) (figure 3A). At the level of gene
expression, cDC1 cells do not show significant DEG (data
not shown), but cDC2s show distinct upregulation of
major histocompatibility complex (MHC) class I antigen
presentation (HLA-A, HLA-C, TAPI),IFN induced chemo-
kine signaling (CXCLI10), and DC licensing/activation
(CD40) (figure 3B, DEG lists in online supplemental table
S8). They also downregulate /L 1B which may be compen-
satory (figure 3B). DE programs in cDC2 were conserved
across individual patients regardless of primary tumor type
(figure 3C). Macrophages upregulate cathepsin C (CTSC)
which may contribute to inflammatory pathogenesis
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Figure 3 The CPI colitis microenvironment is characterized by dendritic cell and macrophage dysregulation, and expanded
CD4* RM precursors that are clonally related to CD8* RM and pathogenic cytotoxic T cells. (A) scRNA-seq-defined myeloid
subpopulation frequencies in biopsies across disease states (mean+SD; each dot represents one patient; *p<0.05and g<0.1).
(B) scRNA-seq DE genes (p<0.05and log,(FC)>1or <-1) in cDC2 between healthy and CPI colitis, with select genes of interest
labeled. (C) Heatmap showing DE genes from (B) for cDC2 as z-scores across individual patients (columns). (D) scRNA-seq-
defined T-cell subtype frequencies in biopsies across disease states (mean+SD; formatted as in A). (E) DE genes in CD8* RM
cells between healthy and CPI colitis, with select genes of interest labeled. (F) Heatmap of DE genes from (E) for CD8" RM
across individual patients. (G) TCR network plots for two patients with CPI colitis (HS11, HS13). Single cells with RNA and

TCR data are denoted by nodes with symbols encoding their functional annotation, and cells with a common TCRo§ CDR3
sequence are grouped together in a single cluster (shaded gray circles). Nodes from biopsy data are shown. cDC1, conventional
type 1 dendritic cells; LAMP, lysosomal associated membrane protein; pDC, plasmacytoid DC; myeloid NOS, myeloid not
otherwise specified; CPI, checkpoint inhibitors; DC, dendritic cell; DE, differential expressed; HC, healthy controls; RM, resident
memory; scRNA-seq, single-cell RNA sequencing; TCR, T cell receptor; UC, ulcerative colitis.

(data not shown). Other myeloid subpopulations did not
demonstrate significant DEG (data not shown). Myeloid
subpopulations in the blood (classical and non-classical
monocytes, and cDCs, online supplemental figure S2C)
are not detectably different in frequency in CPI colitis
(online supplemental figure S3D, right).

For the T-cell subcompartment, RM precursors and
cytotoxic effector populations were strongly implicated
in CPI colitis. Specifically, both CD4" RM and CD8" RM

populations, as well as CD8" GZMB' cells, were all signifi-
cantly enriched in CPI colitis versus HC (figure 3D).
CD8" GZMB" cells in particular were more than 10-fold
more abundant. Cycling T cells also trended towards
enrichment in CPI colitis, supporting findings from
coarse DE testing of the cycling population, although
this was not significant (online supplemental figure S3A,
left). In addition, the CD8" RM population demonstrated
dynamic regulation of gene modules in CPI colitis that
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may contribute to pathogenesis, including downregula-
tion of anti-inflammatory genes ANXAI, ANXA2, SOCSI,
and TGFBI as well as an upregulation of homing and
trafficking molecules ITGAE and CXCR6; immune check-
points CTLA4, LAG3, and ENTPDI; activation molecules
TNFRSF9, CD38, BATF, JAK3, STATI, and STAT3; and
signaling and effector molecules such as ITK, CRTAM,
PRFI, GZMB, and IFNG (figure 3E). These findings were
consistent across individual patients (figure 3F). GSEA
for CD8" RM underscores the upregulation of adap-
tive immune signaling via ITK, CTLA4, LAG3; cytokine
signaling via JAK3 and STATI; and downregulation of
interleukin signaling supported by ANXAI, TGFBI, TNF,
and SOCSI (online supplemental figure S4C and S5C,
online supplemental tables S6 and S7). CD4" RM and CD8"
GZMB populations demonstrated few to no DEGs in CPI
colitis. However, cytotoxic CD8" GZMB cells compared
with their RM counterparts express higher levels of cyto-
Iytic genes (GZMB, NKG7, PRFI, GNLY, GZMA, GZMH),
effector molecules (IFNG), and chemokines (CCL3,
CCL4), which would be consistent with their role as
effector cells causing terminal epithelial damage (data
not shown). Generally significant changes by frequency
were not seen in other immune subpopulations (cycling,
B, plasma cells) in biopsies (online supplemental figure
S3A), or T-cell subpopulations in the periphery (online
supplemental figure S3D, right).

Clonal analysis of these specific T-cell phenotypes
implicates developmental relationships between both RM
populations and terminal GZMB" effectors. We obtained
paired TCR data from single cells with transcriptome
data (biopsies: 15,394 cells with TCRf and 12,810 cells
with TCRof paired with RNA data; blood: 17,694 cells
with TCRp and 12,714 cells with TCRof} paired with RNA
data). We used the NAIR analytic approach'! to identify
expanded clusters of single cells where >1cell shared
the same TCRof heterodimer. This revealed that biop-
sies from CPI colitis patients had significantly higher
numbers of expanded clusters (normalized to the total
number of cells per sample) compared with both HC
and UC (online supplemental figure S7A). Consistent
with this finding, total T cells from CPI colitis biopsies
had a significantly higher Gini coefficient (0.18) than
HC (0.07, p=0.013), which was also numerically higher
than UC although not significant (0.14, p=0.099), consis-
tent with clonal expansion in the CPI colitis state (online
supplemental figure S7B). T cells from the blood of these
patients did not demonstrate significant changes in the
numbers of expanded clusters or Gini coefficient in CPI
colitis, consistent with minimal remodeling of the overall
peripheral T-cell repertoire (online supplemental figure
S7A,B). Moreover, network analysis indicates increased
TCRof clonotype sharing between RM and cytotoxic
phenotypes in CPI colitis. Looking at expanded clusters
in biopsies, although HC tissue has low-level pairwise
sharing between CD4" RM, CD8" RM, or CD8" GZMB
populations (range: 1.3-2.5% of expanded clusters), all
of these frequencies are increased in CPI colitis (range:

8.8-22% of expanded clusters). In addition, individual
clusters in CPI colitis biopsies exhibit three-way sharing
between all three populations (7.2% of expanded clus-
ters), which is never seen in HC (single patient network
plots in figure 3G, quantitation in online supplemental
figure S7C,D). The clonotype sharing, which is the result
of irreversible somatic rearrangement of the CDR3 locus,
indicates a direct developmental relationship between
these populations. Furthermore, given the known role of
RM cells in rapid tissue responses to previously encoun-
tered antigens, and the higher cytolytic effector program
of the GZMB' cells, this supports a model where both
CD4" RM and CD8" RM cells act as directly related tissue
precursors, which on recognition of tissue antigens give
rise to CD8" GZMB progeny responsible for tissue damage
in CPI colitis.

Stromal and endothelial cells in GPI colitis uniquely
dysregulate NAD* and tryptophan metabolism, while both CPI
colitis and UG converge on loss of epithelial homeostasis

In the non-immune compartment in CPI colitis biopsies,
epithelial, endothelial, stromal and enteric neural cells
do not demonstrate significant changes in abundance
this disease state (figure 4A, left), which is corroborated
by orthogonal CyTOF (figure 4A, right), However, signifi-
cant gene expression changes are seen in all these popula-
tions in CPI colitis, relative to either UC or HC (figure 4B,
DEG lists by disease in online supplemental tables S4
and S8). Specifically, the stromal and enteric neural
populations share upregulation of neutrophil chemok-
ines (CXCL1/7/8/9/10), proinflammatory /.32, as well
as possible compensatory mechanisms such as ILI8BP
(which inhibits IL18 signaling) and metallothioneins
that scavenge reactive oxygen species (figure 4C). While
generally these changes are conserved across the majority
of individual CPI colitis patients, several patients (HSS,
HS10, HS13) represent a subset that upregulate these
programs to a lesser degree (online supplemental figure
S6). This may be related to their lower endoscopic severity
score (0-1), or for patients HS8 and HS13, the fact that
they responded to increased corticosteroids alone (online
supplemental table S1), but this will require further study
and validation.

Interestingly, GSEA analysis for stromal cells in CPI
colitis versus HC not only supports upregulation of proin-
flammatory cytokine signaling and metallothioneins,
but also identifies changes in metabolism, specifically a
common focus on increased NAD" catabolism (NAMPT,
NNMT), as well as tryptophan metabolism (WARS, IDOI)
(online supplemental figures S4B and S5B and online
supplemental tables S6 and S7 for GSEA, figure 4C for
volcano plots of individual genes). These same metabolic
genes are also significantly upregulated in enteric neural
cells from CPI colitis versus HC (figure 4C). While these
pathways have been implicated in UC pathogenesis,'
they also distinctly characterize stromal cells in CPI colitis.
Most DE genes between CPI colitis versus HC are distinct
from genes from UC comparisons to healthy (figure 4D,E,
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Figure 4 Stromal and endothelial cells in CPI colitis uniquely dysregulate NAD* and tryptophan metabolism, while both CPI
colitis and UC converge on loss of epithelial homeostasis. (A) Cell frequency of coarse-annotated total non-immune cells

by scRNA-seq (left) or CyTOF (right) in biopsies, stratified by disease states (mean+SD; each dot represents one patient;
*g<0.1). (B) Number of scRNA-seq differentially-expressed (DE) genes (p<0.05and log,(FC)>1or <-1) between disease states,
for each non-immune population. (C) DE genes in healthy versus CPI colitis biopsies by non-immune populations, with DE
genes of interest labeled. (D) Number of DE genes (p<0.05and |log,(FC)| >1) that are found uniquely in either healthy versus
CPI colitis, healthy versus ulcerative colitis (UC), or both comparisons in biopsy samples, for each non-immune population.

(E-

F) Overlapping DE genes (left) in both healthy versus CPI colitis (x axis) and healthy versus UC (y axis) as well as DE genes

between UC and CPI colitis (right) with genes of interest labeled, for stromal cells (E) and epithelial cells (F). (G) Heatmap
showing relative expression (z-score) of MADCAM?1 in endothelial cells for individual patients (healthy controls, or patients with
CPI colitis with distinct CPI exposure and immunosuppression). Fold change reported for comparisons with significant changes
(p<0.05) relative to healthy controls (HS1-3). CPI, checkpoint inhibitors; CyTOF, cytometry by time-of-flight; HC, healthy

controls; scRNA-seq, single-cell RNA sequencing.

left), and in direct comparisons between UC and CPI
colitis, NAD" catabolism, tryptophan metabolism, and
metallothionein genes are again uniquely upregulated in
CPI colitis stroma (figure 4E, right). Stromal handling of
NAD"/tryptophan may therefore be unique to CPI colitis
over other colitis states, via diminished epithelial survival
via NAD" depletion, increased toll-like receptor 2 and 4
activation by WARS," '° or compensatory inhibition of
inflammation via IDO-mediated tryptophan depletion.
We also observe CPI colitis-specific dysregulation of the
BMP pathway in stromal cells, which is a known contrib-
utor to colitis models as it modulates intestine morpho-
genesis, homeostasis, and inflammation.'® Specifically, we
see downregulation of the Wnt regulator BMP4, which is
anti-inflammatory and protective in DSS-induced colitis
models through stem cell maintenance and epithe-
lial proliferation, along with its downstream targets
ID/1/2/3.15°18 Furthermore, we also see downregulation
of Wnt antagonist FRZB, and BMP4 antagonists HIPK2
and HITRA3'™' (figure 4C,E). Despite some heteroge-
neity in upregulated gene modules in stromal cells across
patients, the downregulation of BMP and Wnt signaling is
highly conserved across individuals (online supplemental
figure S6). GSEA analysis points to possible effects of

BMP4 downregulation on IGF transport and elastic fiber
formation as well (online supplemental figure S5B and
online supplemental tables S6 and S7). Together, these
results suggest decreased BMP activity in CPI colitis,
which could further exacerbate colonic damage and
inflammation.

While epithelial cells also have substantial gene expres-
sion changes in CPI colitis (figure 4B,D), these may repre-
sent a shared program of epithelial loss of homeostasis
across colitis states. Specifically, epithelial cells in CPI
colitis (over healthy) showed downregulation of many
homeostatic genes (GUCA2A, GUCA2B, CHP2, ANPEP),
small molecule transporters (AQPS, SLC25A5, SLC26A2,
SLC26A3, SLC9A3RI1, CLCA4, FXYD3, FABPI, CAl, CA2,
CA4), and protective molecules (7FF3, PRAPI, and
LYPDS) (figure 4C). Epithelial cells also downregulated
genes related to structure (EPCAM, KRTS8/18/19/20,
CLDN3/4), and antibody transport function (PIGR,
FCGRT). These downregulated genes are highly conserved
across individual patients (online supplemental figure
S6). Of note, almost half the DEGs between HC versus
CPI colitis, and nearly all DEGs between HC versus UC,
consisted of shared dysregulated genes (figure 4F, left),
while there were almost no DEGs between CPI colitis
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and UC (figure 4F, right). Shared genes downregulated
in both UC and CPI colitis were many of the aforemen-
tioned genes also downregulated compared with healthy
that are involved in homeostasis, transport, and struc-
ture (figure 4F, left). Together these results indicate that
although UC and CPI colitis may have distinct immune
mechanisms, both pathologic states converge on loss of
intestinal homeostasis modules.

Endothelial cells in CPI colitis upregulate MAdCAM-1, the
ligand of integrin a4p7, particularly after TNF blockade and
oCTLA-4

Endothelial cells in CPI colitis contribute to patho-
genesis in several respects. In addition to their over-
expression of chemokines promoting inflammation
(eg, CCLI4, CXCLII), and downregulation of KLF2
which inhibits T-cell rolling and adhesion to endo-
thelium?? (figure 4C, DEG lists by disease in online
supplemental table S4), the CPI colitis endothelial
cells significantly upregulated MADCAMI1, the ligand
for integrin 04fB7. 0437 binding to MADCAMI facili-
tates T-cell recruitment to the gut.”” ** Vedolizumab
is a monoclonal antibody against 04B7, that is, Food

and Drug Administration approved for both Crohn’s
disease and UC, and it is frequently used off-label for
CPI colitis.”” However, the specific CPI colitis disease
states that may be more responsive to this therapy
are unknown. In an exploratory analysis, MADCAM1I
was particularly upregulated in patients who received
prior TNF blockade, as well as those who received a
combination of a0CTLA-4 with oPD-1 CPI (figure 4G,
DEG lists by suppression in online supplemental table
S9). While this analysis is limited by sample size and
heterogeneity, these findings suggest that patients
with CTLA-4-induced colitis, or those who do not
respond to steroids or anti-TNF therapy, may benefit
from vedolizumab.

CPI colitis features global IFN-y response including enhanced

antigen presentation

To gain a broader look at other pathways in CPI colitis,
we looked at genes that were commonly overexpressed
across multiple coarse populations compared with HC.
Interestingly, of the top fifteen genes that were upregu-
lated in the greatest number of populations, 12 emerged
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Figure 5 CPI colitis features global IFN-y response including enhanced antigen presentation. (A) Single-cell RNA sequencing
genes upregulated across the greatest number of coarse populations (p<0.05and log,(FC)>1) in healthy versus CPI colitis.

(B) Gene Set Enrichment Analysis showing significantly upregulated pathways (rows) across coarse cell populations (columns)
relating to either interferon signaling (top rows) or antigen presentation (bottom rows). (C) DE genes between healthy and

CPI colitis biopsies in epithelial absorptive colonocytes. Genes of interest are labeled. (D) Heatmap showing DE genes from

(C) across individual patients. (E) Protein expression of HLA-DR by CyTOF in non-professional antigen-presenting populations
(mean+SD; each dot represents one patient; *p<0.05and g<0.1). CPI, checkpoint inhibitors; CyTOF, cytometry by time-of-flight;
DE, differentially expressed; HC, healthy controls; IFN, interferon; MHC, major histocompatibility complex; UC, ulcerative colitis.
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as downstream of IFN signaling (figure 5A, DEG by
disease in online supplemental table S4). This included
IFN-y signaling molecule STATI, early IFN-y response
genes GBP1, GBP2, GBP4, GBP5, 1SG20, and IRFI, and,
interestingly, antigen presentation-related genes HLA-
DRA, CD74, TAPI, and immunoproteasome subunits
PSMBS and PSMBY. Of note, the most frequently over-
expressed gene was FKBP5, which associates with and
regulates the steroid receptor complex and trafficking®
and may be compensatory in this predominantly steroid-
experienced setting. Looking closer at each population,
we found many immune and non-immune cell types
upregulating molecules in CPI colitis related to IFN-y-
JAK-STAT signaling (IFNGR2, JAK2, STAT1/3) and gene
modules expressed in response to IFN-y (GBP*, IFITM?¥,
IRF*¥) (GSEA results in figure 5B and online supplemental
tables S6 and S7, DE genes in online supplemental figure
S8A). Overexpression of IFNG only in CD8" (eightfold
enriched), cycling, and CD4" populations implicates T
cells as the primary source for IFN-mediated effects.

Additionally, antigen presentation modules were
also upregulated globally, in both professional and
non-professional antigen-presenting immune and non-
immune cells, which may occur in response to IFN-y
signaling (GSEA results in figure 5B and online supple-
mental tables S6 and S7). These include both HLA class
I and II genes, TAPI, CD74, CIITA, as well as protea-
some subunit genes and immunoproteasome subunits
(PSMBS8/9/10) (DE genes in online supplemental figure
S8B).

Interestingly, among the epithelial subpopulations,
the absorptive colonocyte may specifically integrate
homeostasis and IFN-mediated inflammation. This is
because this population appears to be a target for tissue
damage—absorptive  colonocytes were significantly
depleted in CPI colitis (online supplemental figure
S3B, left), even when the total epithelial population was
not (figure 4A). In addition, these absorptive colono-
cytes downregulated many of the previously mentioned
homeostatic genes (figure 5C) seen in coarse epithelial
comparisons (figure 4C), but distinct from coarse epithe-
lial cells, these colonocytes exhibited unique overex-
pression of IFN-y signaling (STAT1/3, IFITM1/3, ISG20),
downstream antigen presentation (HLA-DRA/BI, CD74,
PSNMA4, PSMB9, PSME?2), as well as inflammatory genes
(S100P, S100A11/14/16) and POMP, a chaperone protein
required for assembly of both the proteasome and
immunoproteasome (figure 5C, DEG lists by disease in
online supplemental table S8). Colonocyte gene expres-
sion changes were highly conserved across individuals
(figure 5D). Pathway analysis supports upregulation of
inflammatory pathways, as well as downregulation of meta-
bolic and small molecule transport pathways as indicated
by decreased SLC¥, AQP¥, and ATP transcript expression
(online supplemental figure S4C and S5C). Together,
these signatures additionally implicated absorptive colo-
nocytes as the epithelial convergence point of IFN-y-in-
duced signaling, antigen presentation, and inflammation.

We confirmed this trend of increased antigen presenta-
tion by looking at HLA-DR expression in non-professional
antigen-presenting cells by CyTOF (figure 5E). Epithelial,
endothelial, CD8" and CD4" T cells, CD4" T regulatory
(Treg) cells, and natural killer T (NKT) cells all signifi-
cantly upregulated HLA-DR in CPI colitis. The effect was
especially striking in both epithelial cells and CD8" T
cells, going from almost no HLA-DR expression in both
populations in HC tissue to an average of 60% and 20%
HLA-DR" epithelial and CD8" T cells, respectively. While
HLA-DR can be an activation marker in human T cells,
its upregulation (along with IFN-inducible proteasome
subunits) across cell types suggests that IFN signaling in
inflamed CPI colitis tissues may establish a feedback loop
leading to upregulated antigen presentation, including
a possible presentation by non-professional antigen
presenting cells (APCs). This enhanced antigen presen-
tation, including altered peptide isoforms generated by
immunoproteasome subunits, may potentially drive CPI
colitis pathogenesis.

Unbiased CyTOF clustering reveals activated HLA-DR* CD38*
cytotoxic CD8" and CD4* RM populations

Because our transcriptomic data suggested that CD8"
T-cell activation was pivotal to CPI colitis pathology, we
looked at activation markers expressed by CD8" T cells via
CyTOF for proteomic confirmation. CPI colitis CD8" T
expressed significantly more CD38" cells and less CD27"
compared with HC (figure 6A). Additionally, we observed
trends (not significant) of increased CTLA-4" and T
cell immunoreceptor with immunoglobulin and ITIM
domains (TIGIT) " populations. Of note, we saw no trends
in PD-1 expression by both RNA and protein.

Separately, we additionally performed unbiased clus-
tering and visualized our CyTOF data via Uniform Mani-
fold Approximation and Projection (UMAP) (Cyclone®’)
to investigate unanticipated cell populations. This identi-
fied several populations that clustered based on HLA-DR
expression (figure 6B,C). Several epithelial cellular adhe-
sion molecule (EpCAM) " epithelial clusters emerged, that
also expressed HLA-DR. Interestingly, CD3" T cells (CD4",
CDS8’, and CD4 CD8™ T (dnT)) were split into respective
clusters that either co-expressed HLA-DR'CD38" or did
not (HLA-DR"CD38"). Both surface markers have been
shown to mark activated T cells, in particular, HLA-DR,
and their co-expression identified a distinct activated
T-cell subset in the CPI colitis microenvironment using
unsupervised analysis.

Looking at cell population frequencies in the unbiased
CyTOF clusters, we found a significant increase in HLA-
DR" accompanied by a significant decrease in HLA-DR™
epithelial cell frequencies in CPI colitis compared with
healthy (figure 6D). Additionally, all three (CD4", CDS§",
dnT) HLA-DR'CD38"' Twcell clusters showed a trend
towards increased frequency which was not statistically
significant. Because our unbiased clustering revealed a
strong correlation between HLA-DR and CD38 expres-
sionin T cells, we also manually applied this co-expression
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gate to our CyTOF T-cell populations. In CD8" T CD4" T,
dnT, and CD4" Treg cells, there was a significant increase
in manually gated HLA-DR'CD38" populations, accompa-
nied by a significant decrease in HLA-DR CD38" cells in
CPI colitis (figure 6E).

Lastly, we also looked at HLA-DR and CD38 expression
in our scRNA-seq object, on the transcript and protein
(CITE-seq) level to understand what T-cell subpopulation
are marked by co-expression of these markers. By both
RNA and protein, two of the populations that are quan-
titively enriched in CPI colitis (CD8" GZMB and CD4"
RM cells, figure 3D) were positive for both HLA-DR and
CD38, indicating that their specific activation is linked to
the CPI colitis state (figure 6F). The third T-cell popula-
tion that was enriched in CPI colitis (CD8" RM cells) was
strongly positive for HLA-DRA transcript but not CD38.
Overall, HLA-DR and CD38 co-expression may mark the
pathologically relevant, activated T cells in CPI colitis,
which includes CD4" RM precursors as well as CD8" cyto-
toxic effectors, narrowing the target cells for potential
therapeutic strategies.

CPI colitis from oPD-1 and combination oPD-1/aCTLA-4 have
distinct immunopathological features
We also investigated the distinct mechanisms of colitis
induced by oPD-1 versus combination aPD-1/0CTLA-4
treatment. Exploratory comparisons were restricted to
the two patients with aPD-1 colitis who received only
steroids (HS8 and HS9), versus the three patients with
oPD-1/0CTLA-4 colitis who also received only steroids
(HS13, HS14, HS15), to ensure consistent immuno-
suppression for comparability. The myeloid population
demonstrates more gene expression changes with combi-
nation blockade (figure 7A, top; online supplemental
table S10). Many combination-upregulated genes related
to monocytes/macrophages (CDI4, SI00A8/9), chemo-
taxis and trafficking (integrin I7TGB2, CCL4, CXCL2/3,
complement receptors C3ARI/C5ARI), inflamma-
tory signaling (/LIR2, IFNGR2, TLR2), and compensa-
tory anti-inflammatory signaling (metallothioneins).
Conversely, aPD-1 colitis demonstrated upregulation of
ITGB7 and CLECI0A (figure 7B, top left). Many of the
inflammatory/myeloid genes upregulated in combina-
tion colitis were also upregulated in oPD-1 colitis but
to a lesser extent compared with healthy (figure 7B, top
right). However, overall myeloid composition was not
significantly different between CPI (figure 7C, top).
Distinctdifferences were also seen in the CD8T compart-
ment, where both oPD-1 and combination colitis induced
robust differential expression versus HC (figure 7A,
bottom; online supplemental table S10). While combi-
nation colitis showed a propensity for integrin I7GB2
and granzyme K (GZMK), as previously described,” these
patients also upregulated co-stimulation (/COS) and
other immune checkpoints including ENTPDI and CD27.
aPD-1 colitis involved a distinct program with upregula-
tion of cytotoxic genes (NKG7, GNLY, GZMM, CRTAM),
distinct integrins (/TGAE, ITGB7), and multiple MHC

class II isoforms indicative of T-cell activation (figure 7B,
bottom left). This oPD-1 associated cytotoxic program
was also upregulated in combination colitis versus healthy,
although to a lesser extent (figure 7B, bottom right).
T-cell subset frequency was not significantly different by
CPI (figure 7C, bottom).

Other modules of genes were co-regulated across cell
types in each form of CPI colitis. In general, IFN target
genes including I/FNGRI and IFNGR2 were more upreg-
ulated in alCTLA-4 colitis, although unexpectedly IFNG
upregulation itself was seen in oPD-1 colitis in cycling
and enteric neural cells (figure 7D, left). MHC class I
expression in plasma cells and MHC class II expression in
enteric neural cells were highest in 0tCTLA-4 colitis, while
MHC class II upregulation in CD8T and cycling popula-
tions (likely from cycling T cells) were more pronounced
in oPD-1 colitis (figure 7D, right). Overall, these find-
ings point to distinct modules of myeloid-related inflam-
mation, co-stimulation and antigen presentation from
oPD-1/aCTLA-4 colitis, versus cytotoxic signaling and
T-cell activation that drives oPD-1 colitis.

External validation underscores a conserved role for activated
CD4 RM T cells and ¢DG dysregulation in GPI colitis across the
steroid exposure spectrum

To understand what features of the CPI colitis tissue micro-
environment are conserved regardless of steroid expo-
sure, we validated our findings in a recently published
scRNA-seq data set of CD4b-sorted immune cells from
patients with steroid-naive melanoma with endoscopically
confirmed CPI colitis on biopsies, or who received CPI
but had no colitis on endoscopy.” We adopted similar
filtering and analytic workflows including annotation as
we had applied to our own data (Methods, marker gene
annotation online supplemental table S3). This reveals
similar canonical immune types (figure 8A,B). Similar to
our primarily steroid-experienced work, there was quan-
titative enrichment of cytotoxic CD8 T cells and macro-
phages, as well as depletion of ¢cDC1, cDC2, and ILC3 cells
which was not described in the original report (figure 8C).
These changes in cell type frequency were only seen in
CPI colitis and not merely with CPI treatment, suggesting
these are shared features specific to the CPI colitis state
(and not a treatment effect of CPI exposure alone), and
are conserved regardless of cancer type or steroid expo-
sure. The steroid-naive data set does indicate more robust
increases in cycling cells and depletion of plasma cells
compared with our predominantly steroid-experienced
samples. While CPI treatment alone does modulate
many similar genes to CPI colitis, there is still a distinct
gene expression program associated with the colitis state
with a larger number of genes specifically upregulated
in CPI colitis over CPI-treated patients without colitis
(figure 8D,E, DEG lists in online supplemental table
S11). Some of this program is driven by IFN signaling;
as previously reported and as in our own data, the most
frequently upregulated genes across populations are
mostly IFN-related (figure 8F, also online supplemental
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Figure 7 Checkpoint inhibitors colitis from aPD-1 and combination oPD-1/0.CTLA-4 have distinct immunopathological

features. (A—

C) Single-cell RNA sequencing biopsy results for myeloid cells (top row), and CD8* T cells (bottom row). (A) Number

of DE genes (p<0.05and log,(FC)>1or <-1) between healthy, aPD-1 colitis, and aPD-1 + aCTLA-4 (combo) colitis. (B) DE
genes (p<0.05and log,(FC)>1or <-1) between aPD-1 and combo (left) and overlapping DE genes (right) in both healthy versus
aPD-1 (x axis) and healthy versus combo (y axis), with genes of interest labeled. (C) Subpopulation cell frequencies in aPD-

1 and combo colitis patients. (mean+SD; each dot represents one patient). (D) DE genes between oPD-1 and combo, with
genes related to IFN-y signaling (left) or antigen presentation (right) labeled. cDC1, conventional type 1 dendritic cells; CTLA-4,
cytotoxic T-lymphocyte-associated antigen 4; DC, dendritic cell; DE, differentially expressed; IFN, interferon; LAMP, lysosomal
associated membrane protein; NOS, not otherwise specified; PD-1, programmed cell death protein 1; pDC, plasmacytoid

dendritic cell.

figure S9A), although of note, FKBP5 is not frequently
upregulated in this validation data set, consistent with its
lack of induction in these steroid-naive patients. Strik-
ingly, many of the other co-regulated genes in both CPI
treatment and CPI colitis are similar in this steroid-naive
versus our mostly steroid-experienced data (figure 8G).
These include: in CD8" T cells, immune checkpoints such
as CTLA4, LAG3, HAVCR2 (as described) plus ENTPDI
and the activation markers HLA-DRA and CD38; and in
myeloid cells, inflammatory pathways such as the chemo-
kines CXCL9and CXCLI10, IL1B, and SI00AS8 and S100A9
(also as described). Intriguingly, CD8" T cells also down-
regulate TNF and anti-inflammatory ANXAI as in the
steroid-experienced data. In ¢DCs, WARS and IDO are

again upregulated as in our data, validating a role for
tryptophan metabolism across steroid exposure states.
Altogether, this external validation argues for conserved
cytotoxic and myeloid inflammatory states driven by IFN
signaling between steroid-naive and our predominantly
steroid-experienced CPI colitis across cancer patients
(many of whom are steroid-refractory), and also validates
c¢DC/ILC3 depletion and altered tryptophan metabo-
lism from our data as additional conserved CPI colitis
hallmarks.

Identification of T-cell subsets based on subclustering
(marker genes for annotation in online supplemental
table S3) identifies similar tissue populations including
cytotoxic, cycling, gd, and MAIT cells (figure S8H,I).
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Figure 8 External validation underscores a conserved role for activated CD4 RM T cells and cDC dysregulation in CPI colitis
across the steroid exposure spectrum. (A) Uniform Manifold Approximation and Projection (UMAP) plots generated from a data
set of CD45"-sorted colon biopsy cells, color coded by coarse annotations (right), and separately plotted by disease state in the
inset at left. (B) Dot plots showing marker genes for coarse annotations. (C) Cell frequency of coarse-annotated cells by single-
cell RNA sequencing in biopsies, stratified by disease states (mean+SD; each dot represents one patient; *p<0.05and g<0.1).
(D) Number of DE genes (p<0.05and [log,(FC)| >1) that are found uniquely in either healthy versus CPI colitis, CPI only (no
colitis) versus CPI colitis, or both comparisons, for each coarse population. (E) Number of DE genes (p<0.05and log,(FC)>1or
<-1) between disease states, for each coarse population. (F) DE genes upregulated across the greatest number of coarse
populations (p<0.05and log,(FC)>1) in both healthy versus CPI colitis and CPI only versus CPI colitis. (G) Overlapping DE genes
(p<0.05and log,(FC)>1or <-1) in both healthy versus CPI colitis (x axis) and CPI only versus CPI colitis (y axis) in select coarse
populations, with genes of interest labeled. (H) UMAP plots generated from a data set of CD3*-sorted colon biopsy cells, color
coded by coarse annotations (right), and separately plotted by disease state in the inset at left. (I) Dot plots showing landmark
genes for coarse T-cell annotations (top left), CD4* T-cell subpopulations (top right), and CD8* T-cell subpopulations (bottom
left). Expression of immunotherapy targets additionally shown in CD8" T-cell subsets (bottom right). (J) Cell frequency of T-cell
subpopulations out of all annotated T cells, stratified by disease states (formatted as in C). (K) Number of DE genes that are
found uniquely in either healthy versus CPI colitis, CPI only (no colitis) versus CPI colitis, or both comparisons, for each T-cell
subpopulation. (L) Number of DE genes between disease states, for each T-cell subpopulation. (M) Overlapping DE genes in
both healthy versus CPI colitis (x axis) and CPI only versus CPI colitis (y axis) in select T-cell subpopulations, with genes of
interest labeled. cDC1, conventional type 1 dendritic cells; CPI, checkpoint inhibitors; DE, differentially-expressed; ILC3, type 3
innate lymphoid cells; NK, natural killer; NOS, not otherwise specified; pDC, plasmacytoid dendritic cell; RM, resident memory;

GD, gamma delta.

Separate subclustering of CD8" T cells further identifies
an RM population that is CD69" ITGAE" ITGAI', and
within the CD4" population further identifies a predom-
inant RM population (“CD4T RM act”) that co-expresses
the activation markers CD38 and HLA-DRA as in our data,
with a separate population that does not express these
markers and has mixed features of RM and memory cells
(“CD4T RM-mem”) (figure 8I). Importantly, in addition
to enrichment of GZMB" CD8" and cycling T cells, CPI
colitis tissue also demonstrates a significant enrichment
of the activated CD38" HL.A-DRA" CD4" RMs that is not an
effect of CPI treatment alone (figure 8]). This is despite
a lack of enrichment of CD8" RMs, and a significant
depletion in the non-activated CD4" RM-memory popu-
lation, as previously described. This argues that activated
CD38" HLA-DR" CD4" RMs, which we first described in
the primarily steroid-experienced CPI colitis state, may
be mobilized at a low level in CPI colitis prior to steroid
exposure as well. As the disease spectrum shifts to steroid-
experienced or refractory colitis, further activation of
this subset may result in a quantitative enrichment and
further generation of cytotoxic effectors as seen in our
data.

A closer examination of co-regulated genes in promi-
nent T-cell subpopulations reveals common versus distinct
regulation of activated CD4" RMs. Again, T-cell subpopu-
lations demonstrate modules of genes that are co-regu-
lated in CPI treatment and CPI colitis, as well as distinct
genes specific to the CPI colitis state that are not seen
with CPI exposure without colitis (figure 8K,L, online
supplemental table S12). Comparing activated CD4"
RMs versus their CD8" RM and cytotoxic CD8" GZMB'
counterparts, common features upregulated in both CPI
treatment and CPI colitis include marked overexpression
of CD38 (in contrast to its less pronounced overexpres-
sion in our mostly steroid-experienced data), as well as
chemokines such as CXCR6, immune checkpoints such
as CTLA4 and ENTPDI, and activation markers such as

MHC class II (figure 8M). At the same time, the activated
CD4" RMs are distinct in being less cytotoxic than their
CDS8"* counterparts, but also in their upregulation of
PDCD1 (vs LAG3/ HAVCR2 in CD8"), the distinct integrin
ITGA2 (vs ITGB2in CD8" RM), and the distinct immune
checkpoint TNFRSF25 (death receptor 3). These findings
require validation but point to largely conserved cell-
intrinsic functional programs in the T-cell compartment
in steroid-naive and steroid-experienced states, but also
separate regulatory mechanisms of activated CD4" RMs
that may be useful for their identification and targeted
treatment.

DISCUSSION

This unbiased discovery of immune and non-immune
constituents in primarily steroid-experienced CPI colitis
patients, with internal proteomic validation and external
cross-validation in a steroid-naive CPI colitis cohort, iden-
tifies several novel paradigms for further study and ther-
apeutic targeting.

First, many immune hallmarks are similar in steroid-
naive and steroid-experienced disease across cancer types
and separate collections, namely quantitative enrichment
of CD8"* cytotoxic T cells, myeloid-derived inflammation,
depletion of ¢DCs and ILC3, and mobilization of IFN
pathway signaling across cell types, resulting in upregu-
lation of MHC class II expression.”® Despite the limited
sample size, our multiplexed design (which eliminates
contributions of experimental batch effect), and the vali-
dation of similar changes in the immune microenviron-
ment in the external steroid-naive data set, increases the
confidence that these are conserved features of CPI colitis
regardless of steroid exposure. However, one key distinc-
tion between steroid-naive and experienced settings may
revolve around the role of RM populations. While the
clonal expansion and relationship between CD8" RM
and CD8' cytotoxic effectors has been described,”” in
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general, the CD8" RM population has been described as
unchanged or depleted in steroid-naive disease, and how
this translates to steroid-experienced or refractory disease
(and other RM populations) has been unclear.

Here we document that activated RMs that co-express
CD38 and HLA-DR (both the CD8" and unexpectedly the
CD4" RM populations) are quantitatively enriched across
the steroid exposure spectrum in CPI colitis, suggesting
activation even at the onset of CPI colitis pathogenesis,
and that in predominantly steroid-experienced samples
these activated CD4" RMs are directly clonally related to
their CD8" RM and cytotoxic counterparts. In steroid-
naive disease, however, the overall RM population abun-
dance is not changed or is depleted, while in primarily
steroid-experienced disease, both CD4" RM and CD8'
RMs are significantly enriched. This suggests that as CPI
colitis is exposed to steroids and becomes steroid refrac-
tory, there is further mobilization of both CD4" RM and
CD8" RM precursors, leading to increased production of
cytotoxic CD8" effectors to amplify tissue damage. While
the possibility of CD4" RM precursors giving rise to CD8"
cytotoxic effectors is unexpected, cross-lineage differenti-
ation between CD4" and CD8" T cells has been described
within the intestinal microenvironment,”® underscoring
a putative pathogenic role for both CD4" RM and CD8"
RM precursors. We identify distinct immune checkpoints
associated with activated CD4" RMs in CPI colitis (PDCD]1,
ITGA2, TNFRSF25) which may serve as experimental
handles for their identification, isolation, and targeting
to prevent amplification of immune cytotoxic mecha-
nisms in this disease state. TNFRSF25 may be of particular
therapeutic interest in CPI colitis as antibodies targeting
TL1A which binds this immune checkpoint appear to
be efficacious in inflammatory bowel disease (IBD).?
While other investigators have documented enrichment
of CD38" HLA-DR" CD8" cytotoxic and RM phenotypes
in CPI colitis,4 this has not been described for CD4* RMs,
and the deeper characterization of these CD38" HLA-
DR" T-cell subsets at single-cell resolution had not been
completed before this study. CD38 and HLA-DR may have
separate functional roles in CPI colitis pathogenesis, for
example, through NAD® depletion® or direct antigen
presentation by non-professional, non-immune HLA-DR"
populations, respectively.

We highlight key distinctions between mechanisms
of colitis induced by aPD-1 and oCTLA-4 (in combina-
tion with aPD-1). In the T-cell compartment, the effects
of alCTLA-4 include enrichment of /TGB2" CD8" T cells
which have been postulated to circulate” but also include
co-stimulation, upregulation of immune checkpoints,
and myeloid-related inflammation which are consistent
with broader priming of multiple arms of immunity as
well as re-circulation of pathogenic effectors. On the
other hand, our findings with aPD-1 colitis point to a
narrower T cell-driven program that involves a cytotoxic
program, and distinct integrins (eg, ITGAE, ITGB7). This
is consistent with pathologic findings of a lymphocytic
colitis often associated with otPD-1 colitis. Due to patient

heterogeneity and limited sample size, these findings are
hypothesis-generating and require validation in other
data sets, as well as steroid-naive disease, but indicate the
possibility of distinct integrin targeting within the T-cell
compartment for aPD-1 colitis, and broader myeloid
targeting for 0CTLA-4 colitis.

Our study also underscores the contribution of non-
immune stromal populations to CPI colitis. This has
been limited to date as several prior surveys focused on
the collection and study of immune cells.” The finding
of conserved dysregulation of NAD" and tryptophan
metabolism in stromal cells as well as ¢cDC2s, validated
for cDCs in steroid-naive disease, is further enhanced by
our ability to internally compare with UC samples in the
same multiplexed design. That these pathways are partic-
ularly upregulated in CPI colitis in direct comparisons to
UC nominates these as promising therapeutic targets. An
important limitation in the CPI versus UC comparison is
the limited sample size (n=2UC biopsies with single cells
from the multiplexed experiment), also these two UC
patients had less active disease at the time of collection
(endoscopic severity score 0), which may lead to overes-
timation of the difference between CPI and UC immu-
nopathology. Despite that caveat, we separately embarked
on a larger comparison of UC versus HC, multiplexed
using the same methodology, and did not find significant
enrichment of T cells in UC,” in contrast to our findings
of enriched RM and cytotoxic effector T cells in CPI
colitis, supporting the idea that these are distinct colitis
states and that CPI colitis is more mechanistically driven
by pathogenic T cells, as we describe in this work.

There are several important limitations of this study. We
chose to focus primarily on host factors involved in CPI
colitis, although the microbiome plays central roles in
tumor immunotherapy response and CPI colitis.” ** This
study captures a wide spectrum of the variability in the
CPI colitis disease course, identifying common pathways
independent of tumor type and CPI. Future studies with
larger numbers of patients will be necessary to assess the
contributions of tumor type, CPI treatment, and immu-
nosuppression. The UC patients included in this study
were also heterogeneous, and additional studies will be
necessary to comprehensively compare and contrast CPI
colitis with UC, Crohn’s disease, and microscopic colitis.

Finally, we demonstrate the importance of studying the
dysregulation of current therapeutic targets in the CPI
colitis state, through our demonstration of endothelial
upregulation of the MAACAM-1 ligand for 0437 integrin.
While this interaction is currently targeted in the clinic,
via off-label use of vedolizumab extrapolated from IBD, it
remains unclear which patients would best benefit from
this therapy, and whether vedolizumab should be given
before or after TNF blockade, or after specific types of CPI.
We nominate patients with «CTLA-4 induced colitis, and
those who have previously experienced TNF blockade,
as those who might particularly upregulate MAdCAM-1
across patients and may have added benefit. One recent
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study highlighted the importance of MAACAM-1 in medi-
ating responsiveness to immunotherapy and proposed
soluble MAACAM-1 as a potential biomarker.”! Here
we show that endothelial expression of MADCAMI may
also be relevant as a biomarker for CPI colitis. While this
approach requires validation in larger cohorts of patients,
it also shows the promise of unbiased discovery of known
and novel trafficking targets, to complement and guide
ongoing experimentation in the clinic such as ongoing
randomized trials of vedolizumab versus TNF blockade
(infliximab) for steroid-experienced CPI colitis patients
(eg, NCT04407247).%

METHODS

Study participants and biospecimen collection

Patients undergoing colonoscopy or sigmoidoscopy for
standard-of-care indications were screened for study eligi-
bility. Peripheral blood and cold forceps biopsy samples
were obtained from patients with CPI colitis, UC, and
individuals without IBD as “healthy controls” (HC). HC
patients were patients without known or suspected IBD
undergoing elective colonoscopy or sigmoidoscopy for
various indications (eg, colorectal cancer screening).
Biopsies were obtained from the left (distal) colon. Biop-
sies were placed in Basal Organoid Media consisting of
advanced DMEM/F12 with NEAA and Sodium Pyruvate
(Thermo Fisher Scientific) supplemented with HEPES
(10mM, Corning),GlutaMAX (2mM, Thermo Fisher
Scientific), Normocin (100pg/mL, Invivogen antnr-
2), Penicillin-Streptomycin-Neomycin (Thermo Fisher
Scientific), and N-acetylcysteine (1 mM, Millipore Sigma),
supplemented with ¥-27632 (10 pM, MedChemExpress).
Samples were immediately placed on ice and transported
to the laboratory for processing as previously described.

Sample collection and storage

Colon biopsies were obtained with endoscopic biopsy
forceps from the left colon for pathologic confirmation
of disease. For samples that were taken for research: biop-
sies were collected in RNA later in a 5mL tube, and stored
overnight at 4°C. Then solution was aspirated and biop-
sies were stored at —70°C until further analysis. In some
cases, additional biopsies were collected in 10% formalin
in 5mL tubes for 24 hours, then washed with phosphate-
buffered saline (PBS) twice and stored in 70% ethanol for
paraffin embedding. Biopsies were collected in a conical
tube with Basal Media (Advanced DMEM/F12 with NEAA
and Sodium Pyruvate, Thermo cat. No. 12634-010; 2mM
GlutaMAX, Thermo cat. No. 35050061; 10 mM HEPES
(Corning); Penicillin-Streptomycin-Neomycin Antibiotic
Mixture, Thermo cat. No. 15640055; Normocin 100pg/
mL, Invivogen cat. No. ant-nr-2; 1mM N-acetylcysteine,
Sigma-Aldrich, A9165) with 10pM Y-27632 (MedChe-
mExpress) at 4°C and then transferred into cryovials
containing freezing media (90% (v/v) fetal calf serum
(FCS), 10% (v/v) dimethyl sulfoxide (DMSO) and
10 pM Y-27632) and immediately placed into a freezing

container (Mr Frosty or Coolcell) and stored at -70°C
for up to 4 weeks before transferring to liquid nitrogen
cryostorage until further processing. For some samples, a
PAXgene RNA tube (Qiagen) was collected, stored, and
processed according to the manufacturer’s instructions.
For peripheral leukocyte isolation, in brief, peripheral
blood was collected into Ethylenediaminetetraacetic acid
(EDTA) tubes (BD, 366643). 2mL aliquots of periph-
eral blood were treated with 30mL of RBC lysis buffer
(Roche) for 5-8min at room temperature (RT) with
gentle mixing. Cells were resuspended in CryoStor CS10
(at 4°C) freezing medium, aliquoted in cryovials, trans-
ferred to a freezing container (Mr Frosty or Coolcell),
and stored at —70°C for up to 4 weeks before transferring
to liquid nitrogen cryostorage until further processing.

Preparation of colon and peripheral blood single-cell
suspensions

Colon biopsies were thawed for 2min with gentle agita-
tion in a 37°C water bath, transferred to a gentleMACS
C Tube (Miltenyi Biotec), washed twice with basal media
containing 10pM Y-27632, and then incubated in 5mL
digestion buffer (basal media, 10 pM Y-27632, 600 U/mL
collagenase IV (Worthington cat. No. L.S004189), 0.1 mg/
mL DNAse I (Sigma-Aldrich, D4513) and digested for
20 min at 37°Cin ashaking incubator setat 225 rpm. Subse-
quently, samples were placed in the gentleMACS dissoci-
ator and run the gentleMACS Program m_intestine_01
followed by 15min incubation at 37°C in a shaking incu-
bator set at 225rpm. The suspension was then strained
through a 100pm strainer (Miltenyi) and centrifuged
at 450 xg for 5min at RT. Two additional washes were
performed in Hanks’ Balanced Salt Solution (HBSS)
(Corning), containing 0.1mg/mL DNAse I (Sigma-
Aldrich, D4513). 1x10° total cells were set aside for CyTOF.
For the remaining cells, dead cells were removed with the
Dead Cell Removal Kit (Miltenyi) according to the manu-
facturer’s instructions. Cell suspensions were counted
using a TC20 Automated Cell Counter (Bio-Rad) with
0.4% Trypan Blue Solution (Thermo Fisher Scientific).
Live-cell enriched colon single-cell suspensions were used
for scRNA-seq and CITE-seq, with a final pooled viability
was >75%. Peripheral blood leukocytes were thawed for
2min with gentle agitation in a 37°C water bath and then
washed twice with complete DMEM (Thermo Fisher)
supplemented with non-essential amino acids (Thermo
Fisher Scientific), sodium pyruvate (Thermo Fisher
Scientific), HEPES (10 mM; Corning), GlutaMAX (2 mM;
Thermo Fisher Scientific), Normocin (100 pg/mL; Invi-
vogen, ant-nr-2), penicillin—streptomycin (Thermo Fisher
Scientific) and 10% fetal bovine serum (VWR). Cells were
incubated with ACK lysis buffer (Quality Biological) for
5min at room temperature, washed twice with complete
DMEM, treated with HBSS (Corning), containing
0.1mg/mL DNAse I (Sigma-Aldrich, D4513) for 5min,
and then strained through a 20 pm pre-separation filter
(Miltenyi). Cells were counted using a TC20 Automated
Cell Counter (Bio-Rad) with 0.4% Trypan Blue Solution
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(Thermo Fisher Scientific). Peripheral blood leukocytes
from each donor were used for scRNA-seq and CyTOF,
with a final pooled viability of >85%.

Bulk RNA sequencing sample and computational processing
RNA was extracted from blood or biopsies following the
manufacturer’s protocol using PAXgene kit and Qiagen
RNeasy Mini kit (Qiagen), respectively. RNA quality
and integrity were measured with the Agilent RNA 6000
Nano Kit on the Agilent 2100 Bioanalyzer, according
to the manufacturer’s instructions. Ribosomal and
hemoglobin-depleted total RNA sequencing libraries
were created using FastSelect (Qiagen cat#: 335377)
and Tecan Universal Plus mRNA-Seq (0520-A01) with
adaptations for automation of a Beckman Biomek FXP
system. Libraries were subsequently normalized and
pooled for Illumina sequencing using a Labcyte Echo 525
system available at the Center for Advanced Technology
at University of California, San Francisco (UCSF). The
pooled libraries were sequenced on an Illumina NovaSeq
S4 flow cell lane with paired-end 150bp reads. Compu-
tation processing for genotyping was performed as
previously described.” * Briefly, sequencing reads were
aligned to the human reference genome and Ensembl
annotation (GRCh38 genome build, Ensembl annota-
tion V.95) using STAR V.2.7.5c¢ (PMID: 23104886) with
the following parameters: —outFilterType BySJout —outFil-
terMismatchNoverLmax 0.04 — outFilterMismatchNmax
999 —alignS]DBoverhangMin 1 —outFilterMultimapNmax
1 — alignIntronMin 20 —alignIntronMax 1000000 —align-
MatesGapMax 1000000. Duplicate reads were removed
and read groups were assigned by individual for variant
calling using Picard Tools V.2.23.3 (http://broadinsti-
tute.github.io/picard/). Nucleotide variants were iden-
tified from the resulting bam files using the Genome
Analysis Tool Kit (V.4.0.11.0) following the best prac-
tices for RNA sequencing variant calling.” This includes
splitting spliced reads, calling variants with Haplotype-
Caller (added parameters: -do not-use-soft-clipped-
bases-standcall-conf 20.0), and filtering variants with
VariantFiltration (added parameters: -window 35 — cluster
3 —filter-name FS -filter FS>30.0 —filter-name QD -filter
QD<2.0). Variants were further filtered to include a list of
high-quality single-nucleotide polymorphisms (SNPs) for
identification of the subject of origin of individual cells
by removing all novel variants, maintaining only biallelic
variants with MAF greater than 5%, a mix missing of one
individual with a missing variant call at a specific site and
requiring a minimum depth of two (parameters: —-max-
missing 1.0 —min-alleles 2 —max-alleles 2 —removeindels
—snps snp.list.txt —min-meanDP 2 —maf 0.05 -recode —
recode-INFO-all —out).

scRNA-seq and CITE-seq sample loading and sequencing

PBMC or colon single-cell suspensions from each patient
were pooled respectively with an equivalent number of
live cells and resuspended at 1-2.5x10” cells/pL in 0.04%
bovine serum albumin (BSA)/PBS, with the addition of

10pM Y-27632 (MedChemExpress), so that each sample
could later be uniquely identified using demuxlet.® 1x10°
cells of both single-cell PBMC and colon suspension pools
were stained with a custom TotalSeq-C panel (BioLegend,
online supplemental table S2) according to the manufac-
turer’s instructions. The two pools were loaded into four
wells, 60,000 cells per well, and processed for single-cell
encapsulation and complementary DNA library genera-
tion using Chromium Single Cell 5° v2 Reagent Kits (10x
Genomics), TotalSeq-C library generation was performed
according to manufacturer’s instructions (BioLegend).
Libraries were sequenced on an Illumina NovaSeq6000 in
order to obtain 25,000 reads per cell for the gene expres-
sion libraries and 10,000 reads per cell for the TotalSeq
libraries.

scRNA-seq and CITE-seq data pre-processing, inter-sample
doublet detection, and demuxlet

10x Genomics Chromium scRNA-seq data were processed
as previously described.” *® Briefly, sequencer-obtained
bcl files were demultiplexed into individual library fastq
trios using the mkfastq program from theCell Ranger
V.3.0.2 suite of tools (https://support.l10xgenomics.
com). Feature-barcode matrices were obtained for each
sample by aligning the raw fastqs to GRCh38 reference
genome (annotated with Ensembl V.85) using the Cell-
ranger count. Raw feature-barcode matrices were loaded
into Seurat V.3.1.5°® and low-quality cells (with fewer
than 100 features), and features in three or fewer cells
were dropped from the data set. The remaining events
were assessed for inter-sample doublet detection (gener-
ated due to libraries containing samples pooled prior
to loading) using Freemuxlet (https://github.com/
statgen/popscle), the genotype-free version of demuxlet.’
Clusters of cells belonging to the same patient were iden-
tified via SNP concordance to a “truth set” generated by
bulk RNA-seq. Briefly, the aligned reads from Cell Ranger
were filtered to retain reads overlapping a high-quality
list of SNPs obtained from the 1000 Genomes Consor-
tium (1KG).* Freemuxlet was run on this filtered bam
using the 1KG vcf file as a reference, the input number
of samples/pool as a guideline for clustering groups of
cells by SNP concordance, and all other default parame-
ters. Cells are classified as singlets (arising from a single
library), doublets (arising from two or more libraries), or
as ambiguous (cells that cannot be accurately assigned
to any existing cluster due to a lack of sufficient genetic
information). Clusters of cells belonging to a unique
sample were mapped to patients using their individual
Freemuxlet-generated genotype, and ground truth
genotypes per patient identified via bulk RNA-seq. The
pairwise discordance between inferred and ground-
truth genotypes was assessed using the bcftools gtcheck
command.”’ The feature-barcode Matrices were further
filtered to remove cells with greater than 50% mitochon-
drial content or ribosomal content, and cells assigned as
doublets or ambiguous by Freemuxlet. Visual outliers in
the feature-versus-unique molecular identifiers (UMIs)
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plots were filtered uniformly across all libraries. The cell
cycle state of each cell was assessed using a published set
of genes associated with various stages of human mitosis.*'

scRNA-seq and CITE-seq quality control, normalization, and
intrasample heterotypic doublet detection

The filtered count matrices were normalized, and vari-
ance was stabilized using negative binomial regression
via the scTransform method offered by Seurat.*” The
effects of mitochondrial content, ribosomal content,
and cell cycle state were regressed out of the normalized
data to prevent any confounding signal. The normalized
matrices were reduced to a lower dimension using prin-
cipal component analyses (PCA) and the first 30 principal
coordinates per sample were subjected to a non-linear
dimensionality reduction using UMAP. Clusters of cells
sharing similar transcriptomic signals were initially iden-
tified using the Louvain algorithm, and clustering reso-
lutions varied between 0.6 and 1.2 based on the number
and variety of cells obtained in the data sets. All libraries
were further processed to identify intrasample heterotypic
doublets arising from the 10x sample loading. Processed
and annotated Seurat objects were processed using the
DoubletFinder package.” The prior doublet rate per
library was approximated using the information provided
in the 10x knowledgebase (https://kb.10xgenomics.
com/hc/en-us/articles/360001378811) and this was
corrected to account for intersample doublets identified
by Freemuxlet, and for homotypic doublets using the per-
cluster numbers in each data set. Heterotypic doublets
were removed. The raw and log-normalized counts per
library were then pruned to retain only genes shared
by all libraries. Pruned counts matrices were merged
into a single Seurat object and the batch (or library) of
origin was stored in the metadata of the object. The log-
normalized counts were reduced to a lower dimension
using PCA and the individual libraries were aligned in the
shared PCA space in a batch-aware manner (each indi-
vidual library was considered a batch) using the Harmony
algorithm.** The resulting Harmony components were
used to generate batch-corrected UMAP visualizations
and cell clustering.

scRNA-seq and CITE-seq cell annotation and differential
expression

For both blood and biopsy scRNA-seq and CITE-seq, we
generated hbad files with the UMAP, Louvain clusters,
and metadata. We then refined the “coarse” and “fine”
cell-type annotations in a semi-supervised manner using
exploratory CELLXGENE (ExCellxGene) (https://pypi.
org/project/excellxgene/), a restructured version of
CELLxGENE.* Expression of cell-type specific markers
was used to assign identities to “coarse” and “fine” clus-
ters, guided by previously described gene sets.**™
scRNA-seq and CITE-seq data analysis and visualiza-
tion were then performed in Jupyter notebooks using
Scanpy.”’ Changes in cell frequencies were calculated as
a per cent of total cells for coarse-annotated populations,

or as a per cent of parent-population for fine-annotated
cells. Significant differences in cell-frequencies was tested
using Mann-Whitney test for comparison of two groups
or the Kruskal-Wallis test for the comparison of three
groups. Afterwards, using the p values from comparisons
that share a denominator when calculating frequencies,
we analyzed a stack of p values using the two-stage linear
step-up procedure of Benjamini, Krieger and Yekutieli
with false discovery rate (Q)=10%. To compute DE genes
between two conditions, we first subsetted our data sets
with a pair of conditions (HC vs UC, HC vs CPI colitis, UC
vs CPI colitis; HC vs PD-1, HC vs combo, PD-1 vs combo;
HC vs steroid, HC vs TNF, steroid vs TNF; HC vs CPI colitis,
no colitis vs CPI colitis, HC vs no colitis). Then, we used
the MAST R package V.1.20 which implements a negative-
binomial model using the zlm method and corrects for
differences in sequencing depth across samples.” Briefly,
for a subsetted data set of two conditions, we subsetted
again for each cell type (coarse annotation for biopsies,
and fine annotation for blood) to identify DE genes
for each cell type between the two conditions. We also
corrected for the number of detected genes as a potential
confounding variable.’® P values were corrected using the
Bonferroni correction.

Third-party scRNA-seq data set preprocessing

Published scRNA-seq data sets of CD45" or CD3"-sorted
patient biopsy cells from steroid-naive CPI colitis patients
and controls (CPI treatment but no colitis, HC) were
downloaded from Gene Expression Omnibus under
accession number: GSE144469.> Both data sets were
processed in Jupyter notebooks using Scanpy.”’ We ran
Scrublet  (https://github.com/swolock/scrublet)  to
remove predicted doublets. We applied the following
cut-offs to filter for high-quality cells: <10% mitochon-
drial genes, >100and <4,000 genes expressed per cell,
and excluded platelets, red blood cells, and doublets. We
filtered out ribosomal genes and genes detected in less
than three cells. We log-transformed, normalized the data
to 10,000 counts per cell, per cent mitochondrial genes,
and a number of gene counts, and scaled genes to unit
variance. We filtered on highly variable genes and ran the
principal component analysis with Scanpy. We performed
batch correction using Harmony (https://github.com/
hbctraining/scRNA-seq_online). We computed a neigh-
borhood graph of observations, performed Leiden
clustering, and generated a UMAP using Scanpy. After-
wards, scRNA-seq cell annotation, frequency calculation,
and differential expression testing were performed as
described above. For DE testing by MAST, the sign of
the results were inverted to remain consistent with the
direction of DE testing in our predominantly steroid-
experienced object.

Mass cytometry sample staining and acquisition

A 37-parameter CyTOF panel was designed (online
supplemental table S2). All mass cytometry antibodies
were conjugated in-house to their corresponding metal
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isotope. Metals were conjugated according to the manu-
facturer’s instructions (Fluidigm, South San Francisco,
California, USA). In brief, this process consisted of loading
the metal to a polymer for 1hour at RT. The unconju-
gated antibody is transferred into a 50 kDa Amicon Ultra
500 V-bottom filter (Fisher Scientific, Hampton, New
Hampshire, USA) and reduced for 30 min at 37°C with
1:125 dilution of Tris (2-carboxyethyl) phosphine hydro-
chloride (Thermo Fisher, Waltham, Massachusetts, USA).
Subsequently, the column was washed twice with C-buffer
(Fluidigm) and the metal-loaded polymer was suspended
in 200pL of G-buffer in the 3kDa Amicon Ultra 500
mLV-bottom filter. The suspension was transferred to
the 50kDa filter containing the antibody and incubated
for 1.5hours at 37°C. After incubation, antibodies were
washed three times with W-buffer (Fluidigm) and quan-
tified for protein content using NanoDrop. Once the
concentration was determined the antibodies were resus-
pended at a concentration of 0.2mg/mL with Antibody
Stabilizer (Boca Scientific, Dedham, Massachusetts, USA)
and stored at 4°C. Optimal concentrations for all anti-
bodies were determined by different rounds of titrations.
The staining protocol was optimized to use each antibody
in aliquots of 6million cells as previously described.”

Mass cytometry panel design, staining, and acquisition

Mass cytometry was performed on biopsies from the left
colon. Dead cells were labeled with Cisplatin (Fluidigm)
according to the manufacturer’s instructions, washed in
fluorescence-activated cell sorting (FACS) buffer, and
then stored at —80°C until staining. Samples were then
thawed and washed with wash buffer (PBS, 0.5% BSA,
5mM EDTA), fixed in 1.6% paraformaldehyde (PFA)
for 10min, washed in wash buffer and then resuspended
in freezing medium (PBS, 0.5% BSA, 10% DMSO) and
stored at =80 C until staining. Prior to staining with the
antibody panel (online supplemental table S2), cells
from each patient were thawed, washed with wash buffer,
and barcoded using a unique set of metals, enabling
sample identification as previously described.” *> The
barcode staining was performed following the manu-
facturer’s instructions (Fluidigm, South San Francisco,
California, USA). Briefly, each sample was incubated for
15min at RT on a shaker (200rpm) with a barcoding
solution containing 10 pL of barcode in 1x Perm Buffer
solution (Fluidigm, Cat#201057) diluted in cell staining
media (CSM, Fluidigm, Cat#201068). Samples were then
washed, centrifuged, resuspended in CSM, and pooled.
Subsequently, extracellular staining was performed
for 30min at 4°C. After incubation, the samples were
washed with CSM and centrifuged before resuspending
in 1x Permeabilization Buffer (eBioscience Permeabi-
lization Buffer Cat# 00-8333-56) for 10min at 4°C. The
samples were then washed and incubated with Ir-inter-
calator (BioLegend CNS, San Diego, California, USA)
diluted 1:500 in 4% fresh paraformaldehyde (PFA) for
20min at RT. After incubation, samples were washed and
kept at 4°C overnight in EQ bead solution (Fluidigm

Cat#201078) diluted in Maxpar Water (Fluidigm Cat#
201069) at 1.2x10°cells/mL. Samples were analyzed on
the CyT'OF2 instrument (Fluidigm).

Mass cytometry data analysis

Afteracquisition, the .fcsfiles obtained were concatenated,
normalized to the EQ calibration beads, and de-barcoded
using CyTOF software (Fluidigm). FlowJo software was
used for confirming the elimination of the EQ calibra-
tion beads, concatenating, and manually gating the files.
Singlets were gated by event length and DNA. Live cells
were identified as cisplatin-negative. The unsupervised
analysis was performed using an R-based Cytometry Clus-
tering Optimization aNd Evaluation (Cyclone) pipeline
developed by UCSF Data Science CoLab (https://github.
com/UCSF-DSCOLAB/ cyclone).?” Specifically, the data
were preprocessed, ArcSinh transformed (cofactor 5),
then clustered using FlowSOM.”® We used default values
for FlowSOM parameters except for the grid size. A grid
size of “2x11” was chosen based on the lower Davies-
Bouldin Index. The clustering was visualized using
UMAP, which was calculated using uwot package in R.
The median expression levels of each of the 37 antibodies
for each cluster were used to annotate clusters. This was
plotted as a heatmap. Feature plots for each marker
were also used to plot the expression of each marker on
UMAPs. In parallel, supervised analysis was performed on
the same data set defining cell subsets based on canonical
markers. Finally, specific populations and markers of the
focused panel were manually gated to validate and extend
the results from the unsupervised analysis.

Network scRNA-seq and TCR-seq analysis

We conducted TCR network analysis at the cell level by
using the R package NAIR (available at https://cran.r-
project.org/web/packages/NAIR/index.html)."" Briefly,
for each patient, we calculated the pairwise Levenshtein
distances between the CDR3 amino acid sequences of
the alpha and beta chains in combined blood and biopsy
to derive the distance matrix. Only TCRs that exhibited
identical amino acid sequences in both the alpha and
beta chains were linked (distance=0). Visualization of the
network analysis was accomplished using the R packages
igraph and graph.

Gene Set Enrichment Analysis

We performed GSEA in Jupyter notebooks using
GSEApy”” (V.1.1.1). For coarse and fine populations
of interest, we used MAST-calculated DE genes with
p<0.05and either log2FC>lor <-1 for upregulated or
downregulated pathways respectively, between HC versus
CPI colitis. We inputted the up or downregulated genes
of each cell population into the gseapy.enrichr function
and used “Reactome_2022” as our reference database. We
then selected enriched pathways with adjusted p<0.05and
graphed the top 10 most significant for each population.
We additionally displayed a manual curation of pathways
of interest with p<0.05 via heatmap.
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