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SUMMARY

Crohn’s disease (CD) is a chronic gastrointestinal disease, increasing in prevalence worldwide. CD
is multifactorial, involving the complex interplay of genetic, immune, and environmental factors,
necessitating a systems-level understanding of its etiology. To characterize cell type-specific
transcriptional heterogeneity in active CD, we profiled 720,633 cells from terminal ileum and
colon of 71 donors with varying inflammation status. Our integrated datasets revealed organ

and compartment-specific responses to acute and chronic inflammation; most immune changes
were in cell composition while transcriptional changes dominated among epithelial and stromal
cells. These changes correlated with endoscopic inflammation, but small and large intestines
exhibited distinct responses, particularly apparent when focusing on IBD risk genes. Finally, we
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mapped markers of disease-associated myofibroblast activation, and identified CHMP1A, TBX3,
and RNF168as regulators of fibrotic complications. Altogether, our results provide a roadmap
for understanding cell type- and organ-specific differences in CD and potential directions for

therapeutic development.
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Crohn’s disease (CD) is a heterogenous condition impacting the ileum and colon in unique ways.
Here, Kong et al. define the unique epithelial, stromal, and immune characteristics of CD by
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generated a single-cell transcriptomic atlas of the ileum and colon, and uncover novel regulators of

collagen production in disease-associated fibroblasts.
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INTRODUCTION

The inflammatory bowel diseases (IBD), comprising ulcerative colitis (UC) and Crohn’s
disease (CD), are immune-mediated relapsing-remitting chronic disorders affecting millions

of people worldwide. The prevalence of IBD is increasing’-2, and the treatment burden

Immunity. Author manuscript; available in PMC 2024 February 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kong et al.

Page 3

in the United States alone is estimated at $14.6-31.6 billion3. CD and UC are both
characterized by a dysfunctional and hyperactive immune response resulting in uncontrolled
inflammation?. In CD, this inflammation and resulting damage affects all layers of the

gut, whereas in UC, this is limited to the colonic epithelium. Unlike UC, CD is generally
characterized by discontinuous inflammation that can occur in distinct segments of the
intestinal tract. Additionally, analyses of colonic mucosal samples of CD and UC have
shown marked separations between the two diseases, in particular among T cell subsets®.
CD primarily affects the ileum and colon, and recent work has suggested that ileal-dominant
and colonic CD should be considered separate disease subtypes®:’. This highlights the
importance of understanding whether and how the cellular processes underlying colonic and
ileal inflammation differ.

Genome-wide association studies®-10 and exome sequencing studies!! define a broad set

of risk genes related to epithelial barrier function, microbe sensing and restriction, and
adaptive immunity2. This is perhaps not surprising given the fact that the proper function
of the intestine is also characterized by a complex set of interactions amongst multiple

host cell types— including epithelial, stromal and immune cells— and environmental factors—
including dietary chemicals and microbes. Understanding the complex cellular networks
that characterize health and IBD pathogenesis requires high-resolution system-level
measurements such as single-cell RNA sequencing. For example, in UC, both compartment-
specificl3-15 and tissue-widel6 single-cell analyses illustrate changes in epithelial cell
subsets, adaptive immune cells, and stromal compartments. These are associated with
disease but also importantly with treatment outcomes. For example, an oncostatin M (OSM)
circuit in inflammatory monocytes and fibroblasts is associated with resistance to anti-TNF
therapy. These single-cell datasets also help functionalize genetic risk loci by mapping gene
expression to specific cell types. In the context of CD, high-resolution studies correlate
genetic and cellular modules in the ileum with disease outcomes and altered T cell subset
distributions in inflammation’. The cellular module highlighted in that study demonstrates
an enrichment of cytokine-cytokine receptor and chemokine-chemokine receptor pairs, but
also an increase in OSM, suggesting some commonalities between anti-TNF resistance
mechanisms in CD and UC. Single-cell technologies have also been used to identify CD-
associated expression changes linked with the reactivation of developmental programs in a
pediatric cohort!8, and to map immune cell programs which are adopted by IBD to recruit
and retain immune cells in inflammation?®.

Because CD can occur across both the small and large bowel, which are characterized

by distinct cellular networks in health, a cross-organ analysis would be a key resource

to understand the mechanistic commonalities and differences between ileal, ileocolonic
and colonic CD. To address this, we collected tissue from a total of 71 CD patients and
non-1BD donors from inflamed and non-inflamed regions of the terminal ileum and colon,
and used single-cell sequencing to elucidate the cell type- and location-specific changes that
occur in CD. Our work identified a complex network of changes associated with disease.
We observed broad compositional changes across immune and stromal cell subsets, while
transcriptional reprogramming was more pronounced across epithelial cells, highlighting
the different factors that participate in rewiring during disease. We demonstrated that some
of these changes were restricted to either the colon or the ileum suggesting distinct tissue-

Immunity. Author manuscript; available in PMC 2024 February 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kong et al.

RESULTS

Page 4

specific responses. We also combined these transcriptomic analyses with existing genetic
datasets to map risk gene expression. Finally, we mapped disease-associated changes in
fibroblast gene expression and validated three regulators of fibroblast collagen induction
that may represent novel targets for the management of fibrotic complications, thus
demonstrating the applicability of the dataset. Altogether, this work offers a comprehensive
view of the common cellular and transcriptomic changes associated with Crohn’s disease
and can also serve as a foundational resource to explore the impact of disease progression
and therapeutic strategies.

Terminal ileum and colon biopsies show both region- and disease-associated shifts in cell
type composition

We collected data from 136 samples from 46 CD and 25 non-IBD patients at Massachusetts
General Hospital. These include 24 samples from 12 non-IBD donors published
previously16:20, In the majority of samples, we separated and independently processed the
epithelial (E) and lamina propria (L) fractions (for a total of 89 epithelial channels and

100 L channels), while 36 samples were processed without separation, altogether resulting
in 720,633 high quality single-cell transcriptomes in 225 channels (Fig. 1A, Table S1,
Methods). Samples were obtained from three segments of the Gl tract: 289,730 cells from
colon (CO), 77,554 cells across the small bowel (SB) and 353,349 cells specifically from
terminal ileum (T1). Due to the small number of SB samples, these were combined with TI
samples for all analyses.

Because of the segmental nature of inflammation in CD, we specifically aimed to compare
inflamed and non-inflamed regions. As part of clinical care, patients were scored using

a simple endoscopic score for Crohn’s disease (SES-CD), which was summed across all

the segments evaluated?!. When active disease was present (SES-CD = 3 across the whole
intestine), we aimed to collect samples from both visibly inflamed and non-inflamed regions
(i.e. regions that have a segmental score of 0). In inactive disease (SES-CD < 2), we only
collected non-inflamed samples (see Methods).

Annotation by cell type markers (Methods, Table S2) first broadly classified cells into three
major cell type compartments (numbers listed for colon and T, respectively): 97,788 and
154,136 epithelial cells, 39,433 and 75,695 stromal cells, and 152,509 and 201,072 immune
cells (Fig. 1B). We evaluated standard quality metrics (number of genes and UMI per

cell, percentage of mitochondrial reads) within each type of sample processing (Fig. S1A).
The number of genes and UMI per cell was generally lower in the non-separated sample,
potentially reflecting a lower recovery. The fraction of mitochondrial genes generally
showed more limited differences between the different sample fractions, but as expected
the percentage of mitochondrial reads was higher in epithelial cells compared to immune or
stromal cells, as epithelial cells are prone to death by anoikis during tissue dissociation. To
account for these technical factors, we adjusted for layer and the number of genes detected
in applicable downstream analyses.
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Further detailed clustering and annotation resulted in 65 cell types/states (Fig. 1C, Fig. S1B),
which we next used to perform an analysis of Bray-Curtis dissimilarities to identify the main
drivers of cell type composition across samples. As expected, the processing of biopsies,
either in a single digestion step or as separated epithelial and lamina propria fractions
(Methods), was the main driver of cell type composition (Fig. 1D, top; PERMANOVA R2
=0.32, p < 107%). Location (colon vs terminal ileum; Fig. 1D, middle) also accounted

for a large portion of the variability (R% = 0.14, p < 1074). We noted that the previously
published!6:20 control samples did not form an outgroup, and clustered with the rest of

the colon samples from this study (Fig. S1C). Separation by disease status (healthy, non-
inflamed or inflamed; Fig. 1D, bottom) was visible, with a less obvious role in the first

two axes of variation compared to layer (PCoA plots for each layer can be found in Fig.
S1D, where these differences are more apparent). These compositional differences were still
statistically significant (R2 = 0.055, p < 1074), prompting us to further evaluate the influence
of disease and inflammation status in more detailed analyses.

CD and inflammation broadly restructure immune and stromal compartment composition

We first examined disease-related differences in cell type composition of each sample

using Dirichlet regression (Methods, Fig. 1E, Fig. SLE-F). Consistent with their inflamed
status, we found that numerous immune cell types were compositionally overrepresented in
inflamed samples, after adjusting for layer differences (Methods). This compartment-level
observation was replicated in both TI and colon, though individual cell types had different
patterns. Overall, we observed greater remodeling of the immune and stromal compartments
in both locations compared to epithelial cells, though this was predominantly among T

cells in the colon and myeloid cells in TI. Specifically, in TI, we observed 10 of 27

(37%) immune cell groups were altered in disease (Inflamed vs Healthy) compared to 6/16
(38%) stromal cells and 3/17 (18%) epithelial cells. In the colon, 8 of 25 (32%) immune
cell groups were altered in disease compared to 6/17 (35%) stromal cells and 0/13 (0%)
epithelial cells, though several of these epithelial cell types were significantly reduced in
non-inflamed samples. Plasma cells made up the largest fraction of immune cells in all
conditions, and were underrepresented in the inflamed colon (Fig. S1F) (consistent with
previous observations6). However, in TI, we found the opposite pattern, with plasma cells
overrepresented in inflamed tissue. Some of these compositional changes in the immune
compartment already existed in diseased non-inflamed samples (Fig. 1E, top), including
several expanded myeloid cell subsets (DC2 in TI, mast cells in both TI and colon), an
increase in some fibroblast subsets in TI, as well as the expansion of lymphatic endothelial
cells. On the other hand, the expansion of some subsets such as SI00A8 S100A9 monocytes
was strongly associated with active inflammation. This is consistent with the presence of
either underlying low-grade inflammation or permanent reshaping of cellular compartments
even in regions of the intestine that do not appear inflamed by endoscopic examination.

With an opposite trend to plasma cells, several stromal cell subsets were enriched in
inflammation in TI and depleted in CO. The abundance of several fibroblast subsets in
particular was reduced in CO, including the SMOC2* PTGIS* and ADAMDEC™ Fibroblast
clusters (Fig. 1E, bottom). A previously-identified 1L11-producing inflammation-associated
fibroblast'620 was expanded in the inflamed colon, and not detected in TI. As fibroblasts

Immunity. Author manuscript; available in PMC 2024 February 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kong et al.

Page 6

are associated with resistance to anti-TNF therapyl’, but also participate in the development
of fibrotic lesions and strictures present in CD complications, these results suggest that
there may be organ-specific processes that require further characterization. We further
discuss some of the differentiation processes involved in these distinct fibroblast subsets

in more detail below (Fig. 5). Pericytes were an exception to this trend, showing a large
compositional enrichment in inflamed colon samples, which was absent in TI.

As expected, in samples where we collected both an epithelial fraction (stripping the
epithelial layer with EDTA) and a lamina propria fraction (enzymatically digesting the
underlying tissue), the epithelial fraction was mostly comprised of epithelial cells (mean
54% =+ 24% sd), while the lamina propria fraction comprised mainly immune and stromal
cells (mean 77% x 19% sd). However, we also noted a significant representation of some
immune cells in the epithelial fraction in TI, likely representing intraepithelial lymphocytes
(IELs). As these cells can be ontogenically and functionally distinct from lamina propria
lymphocytes?2, we analyzed compositional changes for immune cells across epithelial
fractions separately. In particular, we identified a population of ID3* ENTPD1(CD39)*
IELs, consistent with previous reports 23 that was only detected in epithelial samples (Fig.
S2A-B) and was compositionally underrepresented in non-inflamed disease samples (Fig.
S2C). This suggested a remodeling of the IELs compartment that can persist in the absence
of overt inflammation. We observed an enrichment of plasma cells, which was consistent
with the general trend (Fig. 1E), but even more marked in the epithelial fraction as healthy
epithelial samples did not contain any intra-epithelial plasma cells (Fig. S2C). Finally,

we also noted an overrepresentation of other immune cell types, in particular CD4* and
CD8* T, which was generally more marked than tissue-level trends where few differences
were observed for these cell types. Overall, our results suggest a remodeling of the IEL
compartment during disease, both in inflamed and non-inflamed tissue, that is characterized
by a reduction in the frequency of bona fide ITGAE(CD103)* ENTPD1(CD39)* IELs and
an increase in plasma cells and conventional T cells.

Inflammation-related differences in core IBD risk gene expression are site-specific

After analyzing differences in cell type composition, we focused on gene expression across
these cell types. IBD has a significant genetic component and multiple GWAS as well as
more recent exome studies have identified a large set of risk genes over the years, but

the relevant cell types and mechanisms of action of some of these genes has remained
relatively unclear. Using Gini coefficients as a measure of unequal expression distributions,
we first quantified the cell subset specificity of a core set of IBD risk genes identified

from fine mapping GWAS24, Most IBD risk genes were highly specific to certain cell
types (mean Gini coefficient 0.55, Fig. 2A, Table 1). Expression specificity was largely
consistent between TI and colon (Fig. 2A), with some exceptions including CARD9and
IL2RA. CARDZis a key signaling protein involved in the innate immune system’s response
to fungi and bacteria and is primarily expressed in the TI by a subset of macrophages,
while it is expressed in colonic cells within a subset of dendritic cells. /L2RA, a receptor
for interleukin 2, is specifically expressed in Tregs in the colon, and is expressed by a

more diverse constellation of cell types in the TI, which includes Tregs but is dominated by
PLA2G2D* macrophages.
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Then, we examined how disease and inflammation status impact the expression of risk
genes. Core IBD risk gene expression distributions between healthy and diseased samples
show gene, cell type, and location differences. Myeloid cells in T tend to have reduced
expression of core IBD risk genes in diseased samples (Fig. 2B, left panels). This reduction
is not visible for other cell types. NKX2-3in particular is expressed in a higher fraction of
healthy stromal cells compared to both inflamed and non-inflamed stromal cells (Fig. 2B,
left panels). On the other hand, in the colon, numerous IBD risk genes were expressed in

a higher fraction of both inflamed and non-inflamed cells compared to healthy cells (Fig.
2B, right panels). Differential expression analysis (Methods) further highlighted PRDM! as
differentially expressed (DE) in several cell types in colon (Fig. 2B, right panels). DE core
IBD genes (FDR < 0.05, Fig S3A-B) were further biased towards being up-regulated in the
colon (208 up-regulated gene-cell type pairs vs 7 down), while comparatively fewer were
observed in TI (1 up-regulated gene-cell type pairs vs 13 down). These results suggest that
even in the context of shared risk genes between different subtypes of inflammatory bowel
disease (ileal and colonic Crohn’s but also for many of these genes ulcerative colitis, which
was not included here), the changes in gene expression associated with inflammation are
distinct across ileum and colon.

To contextualize these changes between sites, we additionally looked for baseline
differences between the two sites among the healthy donors (Fig. S3C-D). We found that,
in general, these IBD risk genes have lower expression in colon than in T1, in particular for
immune-related cell types (Fig. S3E), showing the opposite trend from the DE results above
in inflammation. This is particularly true of £P300, and PRDM1, the latter of which was
highlighted above.

In addition to these well-characterized core-IBD genes, exome sequencing approaches
recently identified five additional IBD-associated loci: /LI0RA, DOKZ, CCR7, PTAFR,

and PDLIMSL. IL10RA, DOK2, CCR7, and PTAFR were primarily expressed in immune
cells, while PDL /M5 had more broadly-distributed expression (Fig. S4A). PDL/IM5 showed
the greatest expression differences in disease, frequently overexpressed in inflamed samples
compared to healthy colon samples (Fig. S4B, Table S3). While further investigation of
PDLIMS5s role in epithelial cells is warranted, these analyses demonstrate the potential of
scRNAseq resources to identify relevant cell types for risk genes, and suggests that PDL/M5
coding variants could modulate the epithelial barrier.

Inflammation-associated transcriptional changes are largely site-specific and more
pronounced in the colon

Differential expression in inflamed versus healthy tissue was quantified on a per location
and per cell type basis (Methods, Fig. 3A-B, Table S3). There was some consistency
between the differential expression profiles between the two sites (Fig. 3C), primarily
observed in epithelial and stromal cells (Spearman rho = 0.25 and 0.34, respectively; P <
107307y, with immune cells showing the least correlation (rho = 0.21; P = 107204), These
weak though highly significant correlations indicate there is commonality in the genetic
programs driving the inflammation signatures in the two sites, though the two sites still
behave very differently. We therefore quantified the degree to which different cell types
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exhibited a more consistent set of DEGs in the two locations (Methods), and find that
several myeloid cell types, DC2 CD1D~, Macrophages, and Mature DCs, exhibit the most
consistent inflammatory signal (Fig. 3D). Consistent genes in this group highlight existing
IBD-associated genes including STAT125, L SP1?6, and HIF1A?"(Table S4). Our results also
replicate and extend a previous finding that inflammation-related expression differences are
highly correlated with the differences between non-inflamed vs healthy already present in
individuals with IBD16, which we observe in both sites (Fig. 3E).

Differential expression was more pronounced in the colon compared to TI, in terms of

the total numbers of differentially expressed genes (DEGSs) detected (Fig. 3A-B). The
transcriptional response to inflammation in the colon is therefore more marked than in TI.
These differences were particularly strong among epithelial cell types, where some cell
types in the colon showed thousands of DEGs, in particular among some enterocyte groups
and goblet cells. This level of DEGs is roughly an order of magnitude larger than what

we observed in immune cells. This is in stark contrast to the earlier observations at the
compositional level, where epithelial cell types showed the least differences in inflammation
(Fig. 1E). Some of these expression differences are already visible in non-inflamed tissue
(Fig. S4C-D), particularly in a subset of goblet cells (with 1994 common DEGs, a 50%
overlap), showing that these cells may already be primed for the inflammatory response in
CD patients.

Pathways enriched in the epithelial compartment included antigen processing and
presentation and cell adhesion molecules, as well as many disease-related pathways, which
were broadly perturbed across numerous cell types (Fig. 3F; discussed in more detail in

the following section). In the colon, numerous metabolic pathways were significantly down-
regulated, largely due to down-regulation of the ketogenesis pathway (Fig. S4E), a common
component of these enriched pathways. This suggests reduced potential for ketogenesis
during inflammation. Treatment of IBD using ketogenic diets has been tested, with mixed
results?8.29, Ketogenesis is regulated in part by the PPAR signaling pathway, which also
shows a consistent pattern of altered expression (Fig. 3F; Fig. S4E), in particular PPARG,
suggesting that this is the key regulatory factor of ketogenesis in CD.

In contrast to DEGs in the epithelial compartment, we found that the majority of DEGs

in the stromal cell types were consistently down-regulated across cell types in T1, while
colon DEGs were more balanced (Fig. 3A-B). Despite this broad downward trend in

T1 DEGs, several pathways were positively enriched in this location, including oxidative
phosphorylation and NOD-like receptor signaling pathways across numerous cell types.
Other positively enriched pathways in TI included numerous disease-related pathways which
were significantly enriched in particular in three cell types: HHIP* NPNT* Myofibroblasts,
Glial cells, and Lymphatics (Table S5). These trends were not observed in the colon.

Despite expectations that cell types from the immune compartment would exhibit a greater
inflammation-related DE signature, the immune compartment showed the least differential
expression in inflammation (Fig. 3A-B), which is reflected in a reduced number of
significantly enriched pathways (Fig. 3F). This effect was not explained by a difference

in power linked to cell count differences, as the immune cells accounted for a plurality
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of cells in both T1 and colon (46.7% and 52.6% respectively). Instead, this is consistent
with the notion that compositional changes, for example caused by the infiltration of
activated immune cells (Fig. 1E), are the main drivers of immune differences. Meanwhile,
transcriptional changes in epithelial and to a lesser extent stromal cells appear to account
for the majority of the response in that compartment. This effect is most pronounced in TI,
where stromal and epithelial cell types both exhibited similar magnitude differences, while
immune cells showed an order of magnitude fewer DEGs and have a similar bias towards
down-regulation, also seen in stromal TI cells.

MHC class Il genes drive distinct inflammatory signals in Tl and the colon

Pathway enrichment analysis highlighted several immune- and disease-related pathways
(Fig. 3F). These were largely driven by a core set of HLA genes common to all of these gene
sets (Fig. S5A), primarily from MHC class Il. Differential expression profiles of these genes
revealed similar differential expression patterns in both TI and colon, with several notable
exceptions. First, HLA genes as a group tended to be downregulated in inflammation in
immune cells in the colon, particularly in dendritic cells, and this expression pattern was not
observed in Tl (Fig. S5A). Further, HLA-DRB5 was broadly overexpressed in inflammation
in numerous epithelial cell types in T yet it was mostly absent in the colon.

Mucin and claudin expression changes highlight a site-specific rewiring of barrier

functions

Cell surface mucins contribute to the protective mucosal barrier between the intestinal
epithelium and the lumen. While this barrier protects against bacterial invasion3, it also
modulates inflammatory signals3L. Ectopic mucin expression may therefore contribute to
an exaggerated immune response. We found that MUC1, a cell surface mucin typically
expressed in the stomach32, was upregulated in non-inflamed TI samples in CD (Fig. S5B,
right), and was further increased during inflammation across epithelial cell types in both
T1 and colon (Fig. S5B, left). In the colon specifically, we additionally observed broad
up-regulation of several other mucins: MUCZ2, MUC4, MUC5B, and MUCI12. These are
more typical of colonic mucins with the exception of MUC5B, which is a salivary mucin.

We also observed differential expression for other constituents of the mucosal layer.

In particular, 7FF1, a trefoil peptide which stabilizes the mucosa33, followed a pattern
consistent with MUC1 and was strongly up-regulated in the inflamed colon and weakly
up-regulated in TI (Fig. S5B, left), with almost no changes in non-inflamed samples (Fig.
S5B, right).

Claudins, on the other hand, serving as backbone of tight junctions, are involved in the
establishment of barrier properties and help to maintain the specificity of tight junction
permeability343%. Increased permeability and remodeling of tight junctions has been seen
in CD patients3®, Altered expression of claudin 2 and occludin has also been observed
prior to CD onset3”. The overall expression patterns of detected Claudin family genes were
consistent between T1 and colon (Fig. S5C), but there were a few claudins that expressed
differently between the sites (Fig. S5D). In particular, claudin 2 and 15, two pore-forming
claudins, showed higher expression among many epithelial cell types in Tl compared to
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colon, suggesting increased paracellular permeability in the TI epithelium. On the other
hand, claudins 3,4 and 5, which are sealing or barrier-forming claudins, showed higher
expression in several colon stromal cell types, indicating greater barrier function in colon.
We then focused on the impact of disease on the expression of this family. Across sites,
claudins overall showed consistent expression changes, but changes in the colon were

more pronounced than in the T1. Among pore-forming claudins, claudin-2 was strongly
upregulated, whereas claudin-15, which forms Na+ channels, was downregulated. Claudins
3, 4, 7 and 23 were broadly downregulated, and a number of these differences occurred

in stem/cycling cells, indicating a potential interaction with epithelial proliferation or crypt
biology. These disease-associated expression changes in claudins are broadly consistent with
previous measurements32:36:38,

CD leads to metabolic changes in enteroendocrine cells

Enteroendocrine cells (EECs) sense microbial metabolites, and thus are key players in the
initiation of the intestinal immune response3°. Because of their rarity, EECs are hard to
profile in single-cell studies, and studies have relied on ex vivo culture and enrichment of
these cells*0. Thus, their response to intestinal perturbations remains poorly characterized.
Leveraging the size of our dataset, we focused on the TI epithelial compartment and detected
670 high-quality enteroendocrine cells (EEC), exhibiting high expression in markers CHGA
and CHGB (Methods, Fig. 4A-C). These further clustered into 8 EEC subsets (Fig. 4A)
based on established marker genes#%41. No donor or disease group was dominant in one of
these subtypes, showing that this heterogeneity is not a donor-specific artifact (Fig. 4B). The
two most common EEC subsets were both enterochromaffin (EC) cells, expressing 7PHZ
and REG4. N-cells and progenitors were the next largest EEC subsets, followed by several
rarer EEC cell types: L-cells, D-cells, I-cells and K-cells.

Given the limited number of EECs, only the two largest clusters, EC THP1*CES* and

EC REG4*NPW™, were used for differential expression analysis. In EC THP1*CES™ cells,
DEGs suggested endoplasmic reticulum (ER) stress in CD, with UBA5, NCK1, SERINCS3,
CREB3L 1, PDIA3, and TMEM33showing altered expression in non-inflamed or inflamed
tissue (FDR < 0.05; see Table S3). This was coupled with an overall increase in several
respiratory genes, pointing to increased energy consumption by these EC cells. DEGs also
included A7/C (FDR 0.001) and MTHFDI (FDR 0.021), two genes involved in purine
metabolism, which were both up-regulated in inflamed and non-inflamed samples (Table
S3). Previous studies have found altered purine signaling in CD*2, which may therefore be
driven in part by these EC cells. DEGs in EC REG4*NPW™ cells were negatively enriched
in oxidative phosphorylation (FDR 6.79 x 10~4) suggesting an inverse relationship between
these two EC clusters.

In the colon, we also detected a similar, though smaller population of EECs with 164 cells
in total (Fig. S6A-C). EC and progenitors were common subsets between TI and the colon.
D/L/N-cells were less distinguishable in the colon, and I/K-cells were not detected. We also
detected a unique subset among colon EECs (Fig. S6D) which was annotated as LEFTY1*,
Marker genes from this subset were associated with colon homeostasis, tumor suppression,
host defense against inflammation, and cytokine activity.
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Pseudotime analysis identifies CHMP1A, TBX3, and RNF168 as regulators of collagen
expression in myofibroblasts

As noted above, we observed that a population of myofibroblasts in the Tl was

expanded during ileal inflammation (denoted Myofibroblasts HHIP* NPNT™; Fig. 1E,
top). This myofibroblast population was enriched in genes involved in extracellular matrix
deposition, such as COL18A1, and COL23A1 (Fig. 5A), which are implicated in beneficial
wound healing responses*3 but also associated with fibrotic strictures observed in CD*4,
This population of myofibroblasts clustered closely with the myofibroblast population
denoted GREM1* GREM2™* (Fig. 5B); however, we observed that GREM1* GREM2*
myofibroblasts lacked collagen expression (Fig. 5A). To explore the regulatory network
that drives collagen expression in CD myofibroblasts, we utilized pseudotime trajectory
analysis (Methods) to organize cells starting from collagen-negative GREM1* GREM2*
myofibroblasts to HHIP* NPNT™ collagen-positive myofibroblasts (Fig. 5C).

This analysis revealed numerous genes with pseudotime-dependent expression in the
transition between these myofibroblast groups (Fig. 5D). We selected a subset of these

for follow-up based on gene annotation and expression levels, resulting in a set of 6
transcription factors and 10 other genes (Methods). We used 4 pooled siRNA oligos

to knockdown (KD) each of these candidate genes in an arrayed approach in normal

human intestinal fibroblasts. We assessed induction of COL4A1, COL4AZ, COL5A3, and
COL7A1, as well as four HHIP* NPNT* marker genes following stimulation with canonical
collagen-inducer growth factor TGF-p. While some gene KDs had collagen-specific effects,
we observed that KDs of CHMP1A, TBX3, and RNF168 significantly impaired production
of several of these collagen genes and proteins (FDR < 0.05; Fig. 5SE-F). In particular,

the transcription factor 7BX3was strongly associated with TGF-p-driven collagen gene
expression, and has previously been implicated in driving carcinomas and sarcomas*>:46.
TBX3has also been reported in several clusters in a recent fibroblast cell atlas in mice*?,
including a cluster (characterized by Adamdecl) that is specifically associated with colitis
in the perturbed-state dataset'®. Both tumors and fibrotic scars are associated with enhanced
deposition of extracellular matrix*8, thus future efforts may investigate the 7 vivo role of
TBX3in driving tissue fibrosis in CD. We also observed a similar overall pattern in the
colon, though fewer myofibroblast cells were sampled there (Fig. S6E—H). Other genes
identified in the pseudotime analysis may therefore be of interest for further follow-up.

Finally, we applied the NicheNet algorithm#® to find putative ligands responsible for
transitioning myofibroblasts between the two states. Since more differential expression was
detected in the colon (Methods, Fig. 3B), we focused this analysis there. Ligands responsible
for the induction of collagen genes more commonly interacted with GREM1* GREM2*
myofibroblasts than with HHIP* NPNT* (Fig. S61-J). In addition to the TGF-@ signature,
we also noticed activity by a related set of genes in these cells, BMPZ2/5/7, largely derived
from other fibroblasts (Fig. S61). BMPZ2/5/7 were all differentially expressed in at least

one other fibroblast cell type in diseased samples, indicating that these may play a part

in the miscommunication resulting in CD progression. Interestingly, these BMP ligands
have been identified as markers of a mesenchymal niche in a previous study of the colonic
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mesenchyme, and CyTOF analysis based on a subset of markers suggests that these cells
may be diminished in disease®.

DISCUSSION

In this study we describe the single-cell expression profiles of 720,633 cells from 71
patients, providing the largest single-cell resource to date to study CD. Our dataset covers
the epithelial, immune and stromal compartments across multiple locations and multiple
disease statuses, therefore allowing us to characterize the cell-type-specific differences along
these important dimensions.

One striking difference observed across compartments was the nature of the response to
disease and inflammation. The epithelium experienced the greatest changes in expression
profiles, including a broad increase in expression of MHC class Il genes, as found in
Thomas et al°0. Meanwhile, immune cell differences in gene expression were comparatively
smaller (including decreased HLA expression), but their compositional changes were

more marked. Stromal cells displayed both transcriptional and compositional changes,
perhaps reflecting a joint reprogramming and tissue remodeling. In all three compartments,
transcriptional changes in non-inflamed disease samples and inflamed samples were
strongly correlated, a phenomenon that has also been reported in the case of ulcerative
colitis both for broad cellular networks'6 and more specifically among epithelial cells*.
This may reflect ongoing disease processes even in the context of endoscopic remission.
Specifically in CD, our results extend previous findings showing that cell type composition
profiles poorly discriminate between inactive and active CD®. Understanding the pathways
that are involved in the maintenance of this “inflamed-like” transcriptional network in
endoscopically normal tissue might uncover key targets for disease-modifying therapies and
ultimately curative approaches.

As CD can occur throughout the intestinal tract, we were also able to directly compare the
inflammatory response in the colon and TI, and observed a notably stronger transcriptional
response in the colon. Expression differences in Tl and colon were correlated, though

not strongly so, indicating that the transcriptional programs underlying the inflammatory
response are largely different in the two sites. Among pathways specifically enriched in the
colon, we found numerous metabolic pathways largely different due to a down-regulation
of the ketogenesis sub-pathway, driven by PRARGPL. Interestingly, ketogenic diets have
been trialed with mixed success in treating CD?8:2%, Our results provide a novel resource
to analyze the network associated with the ketogenesis pathway and may offer insights

on the individuality of patient responses to ketogenic diets, which may also be driven by
personalized factors such as the microbiome, as has been reported with epilepsy®2. More
broadly, this may be combined with recent developments in single-cell proteomics and
metabolomics (reviewed by Islam, et al®3), which provide the opportunity to directly explore
the associations between transcriptional programs and metabolic networks.

In addition to the analysis of these large scale, cross-compartment changes, the scale of
our study also allowed us to focus on rarer cell subsets. For example, we identified a
sizable and transcriptionally distinct subset of immune cells in our epithelial fractions (i.e.

Immunity. Author manuscript; available in PMC 2024 February 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kong et al.

Page 13

cells detached from the tissue with EDTA + DTT disruption of junctions, in the absence

of enzymatic digestion). We confirmed that these cells are intraepithelial lymphocytes,
consistent with a previously-described ID3* ENTPD1(CD39)™ IEL group23. Importantly,
we observed an overall depletion of these cells in diseased samples, reminiscent of the
remodeling of the IEL compartment that has been described in celiac disease®*. However, it
is important to note that IELs can be comprised of both conventional and non-conventional
T cells, and the latter express a restricted set of TCRs that can recognize a range of self

and non-self molecules®. These cells have for example been shown to regulate nutrient
sensing®® as well as inflammation?3. An important follow-up to this work will be to
understand the repertoire of IELs in health and disease, for example using V(D)J sequencing
approaches.

We were also able to characterize in detail the response of rare cells such as enteroendocrine
cells in the context of inflammation. Previous studies have used ex vivo expansion to
characterize the transcriptomic profile of the different enteroendocrine cell subsets*?, but
such approaches cannot capture the changes that may occur in disease in these cells. Our
work shows an enrichment of ER stress signatures in the context of disease. This finding

is particularly relevant given the role of ER stress and the unfolded protein response in

the genetic risk for Crohn’s diseasel2:57:58, The role of ER stress in secretory cells in the
intestine, such as Paneth cells or goblet cells, has been long recognized>® and the enrichment
of ER stress in EECs during disease suggests that the secretory function of these cells may
also be affected in Crohn’s potentially modulating their function and interactions with the
nervous system.

Beyond the study of IBD-associated risk genes, single-cell atlases offer unprecedented
opportunities to map the emergence of disease associated cell states. Here, we focused
specifically on fibroblasts, as these cells have been associated with pathology and therapy
resistance80 but remain poorly characterized in IBD compared to immune or epithelial
subsets. For this, we leveraged our transcriptomic data to identify a subset of genes
linked to the transition between two myofibroblast subsets with differential abundance in
disease and with differential collagen production characteristics. From this, we validated
a set of genes, 7BX3, RNF168, CHMPIA, which impact collagen production in these
cells. These genes may therefore be involved in CD-related fibrotic strictures and suggest
novel therapeutic hypotheses for the management of this complication. Altogether, we
demonstrate approaches that can leverage single-cell data to both facilitate variant to
function assignment and the identification of disease pathway specific targets. We expect
that similar future studies focused on other risk genes and compartments could broadly
extend our understanding of the functional regulators of CD.

In conclusion, in this study we described the transcriptional perturbations in active CD at

an unprecedented level of detail. The resulting analysis and dataset provide a framework for
further investigation into the complex dysregulation of the gastrointestinal immune response
in CD, and a testing ground for cell type specific differences in this disease.
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LIMITATIONS OF THE STUDY

In this study, we report on single-cell analyses performed across 46 Crohn’s disease

subjects and 25 non-IBD controls in a single center. This number enabled us to deeply
characterize the differences associated with both active inflammation and non-inflamed
intestinal tissue in Crohn’s disease. However, it is important to note that there are many
layers of heterogeneity that we were not powered to address here and that would require
more targeted collections. For example, understanding the impact of biologics on tissue
state will likely require focusing enrollment on a limited number of therapeutic agents and
obtaining longitudinal samples pre- and post-treatment. Additionally, it will be critical to
enroll participants from a diverse range of ancestries and risk genes to understand the impact
of genetics on disease phenotype.

STAR METHODS
RESOURCE AVAILABILITY

Lead Contact: Further information and requests for resources and reagents should
be directed to and will be fulfilled by the Lead Contact, Ramnik J. Xavier
(xavier@molbio.mgh.harvard.edu)

Materials Availability: This study did not generate any novel reagents, all materials are
commercially available as listed in the key resource table.

Data and Code Availability: The datasets generated during the current study are
available for download from the controlled-access data repository, Broad DUOS (Accession
DUQOS-000146 CD_Atlas 2021 GIDER; DUOS-000145 CD_Atlas 2021 PRISM). The
analyzed data reported in this paper is available at the Broad Single Cell Portal (SCP1884).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patients and tissue sample collection—Subjects were enrolled in either the PRISM
(Prospective Registry in IBD Study at MGH, protocol 2004P001067, used for all CD
patients and some controls) or the GIDER (Gl disease and endoscopy registry, protocol
2015P000275, used for the remaining controls) study at Massachusetts General Hospital
(MGH). Informed consent was obtained from all patients in accordance with the respective
protocol and sequencing and data storage and publication plans were approved by the
MGH IRB and the Office for Research Subject Protection at the Broad Institute. Clinical
information and metadata for the samples in this study were provided in Table S1.

Healthy controls were recruited at the time of routine colonoscopy. Healthy controls were
individuals without a history of inflammatory bowel disease (IBD), a 1st degree relative
with IBD, histories of autoimmune disease, immune mediated conditions, infectious colitis,
and colon cancer, or a family history of colon cancer, and who were overall healthy with
no other disease history. CD patients were included based on having a clinical diagnosis

of Crohn’s disease, and observed to have active disease via macroscopic assessment from
a physician during an endoscopy as part of routine clinical care. Biopsies were obtained
during endoscopy, using biopsy forceps that were used in standard of care. The presence or
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absence of inflammation was visually evaluated by the endoscopist at the time of collection.
To ensure this evaluation was consistent across endoscopists, we used the simple endoscopic
score for Crohn’s disease (SES-CD)2L. This score consists of segmental scores that are then
summed to obtain an overall indicator of disease activity. At the patient level, an SES-CD
of 0-2 indicates remission/inactive disease while an SES-CD score = 3 indicates active
inflammation, criteria that are consistent with previous studies®2:63, Of note, this score has
been used in clinical trials® and was shown to have limited variability across raters®®. In
patients with active disease, we aimed to collect both inflamed biopsies (segmental score >
0 and visible inflammation) and non-inflamed biopsies (segmental score = 0). Biopsy bites
were immediately placed into cryovials containing Advanced DMEM F-12 and placed on
wet ice for transport.

METHODS DETAILS

Epithelial Layer Dissociation—On arrival, biopsy bites were washed 2x in cold PBS
and in 3x in cold PBS/10mM EDTA. The tissue was then added to 25 mL PBS/10mM
EDTA and placed in a rotating incubator at 37°C for 15 minutes. Following incubation,

the tissue rested on ice for 10 minutes and was then shaken vigorously for 10-15 seconds.
The supernatant was collected as fraction 1 and additional fractions were collected until the
supernatant had visible crypts when viewed under the microscope. Tissue was kept on ice
in a small amount of PBS/10mM EDTA for further lamina propria digestion, and fraction(s)
with visible crypts were combined and spun down at 330g for 3 minutes. Supernatant was
removed and the pellet was resuspended in ImL pre-warmed TrypLE express (Thermo
Fisher) for 1 minute. 1mL PBS was added to quench the reaction followed by another 4
mL PBS and the single cell suspension was spun down at 330g for 3 minutes. The pellet
was resuspended in ImL PBS and transferred to a 1.5 mL microcentrifuge tube, spun again
at 300g for 3 minutes and resuspended in 50-200ul 0.4% BSA-PBS for 10X single cell
loading.

Lamina Propria Layer Dissociation—Tissue saved on ice from epithelial layer
digestion was moved into a 5mL snhap-cap centrifuge tube with 5mL RPMI 1640 (Gibco, cat
no. 11875093) supplemented with 2% FBS, 200ul Liberase TM (2.5 mg/ml, Roche, cat. no.
5401119001, reconstituted in injection-quality sterile water) and 50ul DNase 1 (10 mg/ml,
Roche, cat. no. 10104159001, reconstituted in injection-quality sterile water). Tissue was
incubated in a rotating incubator 37°C for 45 minutes. Following incubation, 0.5 mL FBS
was added directly to the snap-cap tube which was then vortexed for 20 seconds. Tissue
and media were poured over a 70um filter into a falcon tube and 2% FBS-RPMI was added
over the filter up to 30 mL. Sample was then spun down at 450g for 3 minutes. Supernatant
was removed and pellet was resuspended in 1 mL 0.4% BSA-PBS and transferred to a
microcentrifuge tube. Cell suspension was spun down at 300g for 3 minutes, supernatant
was removed and pellet was resuspended in 1 mL ACK Lysing Buffer (Gibco, cat. no.
A1049201) and incubated at room temperature for 1 minute. Cell suspension was spun
down again at 300g for 3 minutes, washed two additional times in 0.4% BSA-PBS and
resuspended in a final dilution of 50-200ul 0.4% BSA-PBS.
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Single-Cell Profiling—Epithelial and lamina propria single cell suspensions were counted
and, if necessary, diluted to a concentration of 2002000 cells per pl. 10,000 cells from

each sample were then loaded on a Chromium controller (10X Genomics). Samples were
processed either with v2 or single-indexed v3.1 chemistry as described below, and chemistry
type for each sample is included in Table S1.

For v2 samples, cells were loaded on a Chromium Single Cell A Chip (PN-120236) with
gel beads from the Chromium Single Cell 3’ Library & Gel Bead Kit v2 (PN-120237) and
indexed according to the Chromium i7 Multiplex Kit (PN-120262) instructions. Libraries
were sequenced on either a NextSeq or a HiSeq X (both from Illumina), according to
manufacturer’s instructions (Read 1, Cell barcode and UMI, 26bp, i7 index : 8bp, i5 index :
none, Read 2, insert, 98bp).

For single-index v3.1 samples, cells were loaded on a Chromium Next GEM Chip G Single
Cell Kit (PN-1000120) with GEMs from the Chromium Next GEM Single Cell 3° GEM,
Library & Gel Bead Kit v3.1 (PN-1000121) and indexed according to the Single Index Kit T
Set A (PN-1000213) instructions. Libraries were sequenced on either a NextSeq or a HiSeq
X (both from lllumina), according to manufacturer’s instructions (Read 1, Cell barcode and
UMI, 26bp, i7 index : 8bp, i5 index : none, Read 2, insert, 91 or 96bp).

siRNA KD experiments in myofibroblasts—Normal colon-derived intestinal human
fibroblasts (CCD-18Co) were obtained from the American Type Culture Collection
(CRL-1459). Fibroblasts were maintained in DMEM containing GlutaMAX (Thermo
Fisher, Catalog #10566016), supplemented with 10% (vol/vol) heat-inactivated FBS, NEAA
(Gibco), penicillin/streptomycin (Corning). Cells were cultured at 37 °C with 5% CO2.

Pre-designed pooled duplexes of siRNA oligomers were purchased from Sigma-Aldrich

and re-suspended in nuclease-free water at 20uM. Seeded CCD-18Co fibroblasts were
transfected with 20nmol siRNA complexed with Lipofectamine RNAIMAX (Thermo Fisher)
in Opti-MEM media (Thermo Fisher). 24 hours later, cells were washed with PBS, and
replenished with fresh media with or without the addition of 10ng/ml of human TGF-$
(Invivogen) for 24 hours. Cells were washed in PBS, and resuspended in TRIzol reagent
(Thermo Fisher) for RNA isolation.

RNA was extracted from fibroblasts in TRIzol reagent following the manufacturer’s protocol
(Thermo Fisher). Equal amounts of RNA were used to synthesize cDNA with the iScript
cDNA synthesis kit (Bio-Rad Laboratories). iTaq Universal SYBR Green Supermix (Bio-
Rad Laboratories) was used for gqRT-PCR on the C1000 Touch Thermal Cycler (Bio-Rad
Laboratories). Gene expression was calculated with the AACt calculation with Hprt as the
reference housekeeping gene. Oligos used for qRT-PCR can be found in Table S6.

Collagen Immunofluorescence—siRNA-transfected CCD18-Co fibroblasts were
seeded in a 96-well CellCarrier-96 Ultra microplate (PerkinElmer, #6055302) overnight. The
next day, the cells were treated with or without the addition of 10ng/ml of human TGF-p
(Invivogen, rcyc-htgfb1) for 24 hours.
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Cells were then fixed in 2% PFA (Electron Microscopy Services, #15710-S) followed

by permeabilization with 0.2% Triton X-100. The cells were then washed with PBS and
blocked with 4% BSA-PBS. Following blocking, cells were incubated with 5ug/mL anti-
Col7al (ThermoFisher, #MA5-41570) in 4% BSA-PBS for one hour at room temperature.
Cells were then washed with PBS and incubated with 1:500 dilution AF488 (ThermoFisher,
#A-21202), 1:5000 dilution of HCS CellMask Red (ThermoFisher, #H32712) and 1:5000
dilution of Hoechst 33342 (ThermoFisher, #H3570) in 4% BSA-PBS for one hour. Cells
were then washed with PBS and imaged.

For imaging, the Opera Phenix High-Content/High-Throughput imaging system (Perkin
Elmer) was used. 31 different fields were imaged at 6 replicates per sample at 20x

water immersion in the confocal setting. Image analysis was performed with the Harmony
software (Perkin Elmer). Cell nuclei were identified with Hoechst staining, and each cell
boundary demarcated by HCS CellMask Red. Median fluorescence intensity of AF488-
labeled Col7al was quantified in each individual cell and the median values per sample well
obtained followed by subtraction of background fluorescence.

QUANTIFICATION AND STATISTICAL ANALYSIS

Single-cell data processing—After sequencing, BCL files were demultiplexed with
Cell Ranger v3.0.2, then fastq files were aligned to the human genome (hg19). CellBender
v2-alpha® was used to remove systematic biases and background noise (learning_rate=
2e-5), and Scrublet v0.2.187 was used to identify doublets and remove low quality cells
(with default settings). Cloud-based Cumulus v1.0%8 was then used to perform the batch
correction (using the Harmony algorithm) on the aggregated gene-count matrices, this was
done separately for T1 and colon samples. Unless specified otherwise, gene expression was
quantified by the default logarithmic expression values in Cumulus, specifically In(TP100k
+ 1), where TP100k = 10° * NUMI / CelINUMI, NUMI is the number of UMIs detected for
that gene in that cell, and CelINUMI is the total number of UMIs detected in the cell.

To help balance the comparison between inflamed and healthy groups in the colon,

we included data from 12 non-IBD patients (24 samples total, which were further layer-
separated into 48 total channels) from16. For this, we processed these samples together with
the rest of the 8 non-1BD samples from the colon location, using the same bioinformatics
pipeline, which included Harmony for batch correction. Resulting samples clustered with
existing samples from colon.

Scaled mean expression—Expression values presented in Figs. 2A, S4A, and S5D
were obtained by scaling the In(TP100K + 1) expression value by the root mean squared
expression to produce an “expression z-score”.

Single-cell clustering and ordination—Clustering and UMAP visualization were done
by following the Cumulus default settings. Principal coordinates analysis (PCoA) of cell
type compositions (Fig. 1D and Fig. S1C-D) was performed using the pco function of the
labdsv R package from Bray-Curtis dissimilarities between the compositional profiles.
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Cell type identification and signatures—Cell clusters for each location were first
manually classified into three compartments based on expression of known marker genes:
Epithelial (EPCAM, KRT8, and KRT18), Stromal (CDH5, COL1A1, COL1A2, COL6AZ,
and VIWF), and Immune (CD45/PTPRC, CD3D, CD3G, CD3E, CD79A, CD79B, CD14,
CD16, CD68, CD83, CSFIR, FCERIG).

Each compartment was then re-clustered individually per location, and fine-grained cell
types were identified using a combination of an automatic cell type annotation step

in Cumulus (function infer_cell types with markers = ‘human_immune’), and manual
inspection and adjustment based on previously identified markers1. Briefly, Epithelial cells
were clustered into Enterocytes (RBPZ, ANPEP, FABP?2), Stem cells (LGR5, ASCL2,
SMOC2, RGMB, OLFM4), Goblets (CLCA1, SPDEF, FCGBP, ZG16, MUC2), Paneth cells
(DEFAS, DEFA6, REG3A), Tuft cells (LRMP, SHZD6), Enteroendocrine cells (CHGA,
CHGB, NEURODI) and Cycling cells (UBE2C, TOPZA, MKI167, HMGB2). Stromal cells
were clustered into Fibroblasts (ADAMDEC1, PDGFRA, BMP4), Myofibroblasts (TAGLN,
ACTG2), Lymphatics (CCL21, TFF3), Endothelial cells (CD36, DARC/ACKRI59),
Pericytes (NOTCH3, MCAM/CD146, RGS5) and Glial cells (FOXD3, MPZ, CDH19,
PLPI, SOX10, S100B, ERBB3). Immune cells were first clustered into T cells (CD3D,
CD3G, CD3E), B cells (CD79A, MS4A1/CD20, CD19), and Myeloid cells (CD14, CD16,
HLA-DR). T cells were further sub-clustered into CD8 T cells (CD8A, CD8B), CD4 T
cells (CD4), ILCs (RORC, IL1IR1, IL23R, KIT, TNFSF4, PCDH9), NK cells (EOMES,
PRF1, NKG7). B cells were sub-clustered into Plasma cells (SDC1, MZB1, SSR4, XBPI),
B cells (BANK, MS4A1/CD30, ADAMZ8, VPREB?3) and Germinal Center (GC) B cells
(LRMP, GPT2, PAG1)70. Myeloid cells were sub-clustered into Mast cells (GATAZ, CPA3,
HPGDS), classical Macrophages (CD163, C1QB, C1QC), classical Monocytes (FCNA,
S100A4, S100A6), DC1 (CLEC9A, XCRI) and DC2 (CLECI0A, FCER1A). Some cell
clusters were further subdivided if there was evidence of heterogeneity in the UMAP.
These are identified by one or two genes whose expression distinguishes these clusters, for
example T cells CD4" IL17A*. A summary of markers used and expression across clusters
can be found in Table S2.

Cell type compositional analysis—Cell type composition PCoAs in Fig. 1D were
generated using Bray-Curtis dissimilarities between the cell type composition profiles for
each channel. PERMANOVA analysis was done using the adonis function in the R package
vegan using the same dissimilarity matrix, using 9999 permutations.

Differential cell type abundances were determined as previously described16 using Dirichlet
regression with R package DirichletReg, to account for the compositional nature of cell type
counts within a sample. For epithelial cell types, only samples from the epithelial layer or
non-separated samples were used, while for stromal and immune cell types, lamina propria
and non-separated samples were used. Sample layer separation (separated vs non-separated)
was regressed out by testing the formula “Normalized counts ~ Layer separation + Disease
status”.
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IBD risk genes selection—Core IBD risk genes were obtained from Table 1 in Huang,
et al24, and only genes associated with IBD or CD and which have nonzero expression in at
least 3% of cells in at least one cell type were included (Table 1).

Differential expression analysis—Differential expression analysis was performed
using MAST’1. DE analysis was only run for cell types for which there were at least

10 cells in each disease group (healthy, non-inflamed, inflamed). For each cell type and
location, low-expression genes were first filtered out (minimum 10% cells with non-zero
expression in at least one of the disease groups). To speed up the tests, for cell types with
more than 10000 cells, we first sub-sampled the cells using a hierarchical even subsampling
algorithm: at each level of the hierarchy (disease group > donor > sample), an even number
of cells were sampled from each possible pool at the lower level, such that 10000 cells
were sampled in total. This ensured that disease groups, donors, and samples with few total
cells were still adequately represented in the sampled dataset. To further speed up the tests,
gene expression for each gene was first fitted with an anti-conservative fixed effect model
in MAST, with formula “ Expression ~ NGenes + Layer + DiseaseGroup’. Genes with no
disease-related difference were filtered out (nominal P > 0.05 in the discrete and continuous
components for both the Non-Inflamed - Healthy and Inflamed - Healthy contrasts, from
likelihood ratio tests). Remaining genes were fit with a mixed-effect model in MAST using
formula “ Expression ~ NGenes + Layer+ DiseaseGroup + (1| Donor)+ (1| Channel)’, to
account for additional correlations between cells from the same donor and from the same
samples. P-values were obtained from likelihood ratio tests. FDR-corrected p-values were
calculated from all tested genes (from all cell types and locations), using the P-value from
the mixed effect model if available, or from the fixed effect model if not (to avoid selection
bias from the fixed effect pre-filter). Unless otherwise specified, all reported coefficients and
FDR values are from the discrete component of the MAST model8.

Differential expression consistency in CO and TI—To quantify the degree of
consistency between DEGs in CO and in TI (Fig. 3D and Table S3), we calculated the
expected overlap between the DEG lists, and quantified the “consistency score” of a pair
of lists as the ratio between the observed overlap compared to expected. Specifically, for
two DEG lists A and B (corresponding to DEG lists in CO and TI) and a total number

of genes N, the expected overlap (ignoring direction) was first estimated as E = |A| x |B| /
N. A DEG was only considered “consistent” if its direction was the same in the two lists.
We therefore first split A into A* and A~ (and likewise for B) for DEGs with positive
and negative directions. The consistency score was defined as 2(JA* N B*|+|A"NB7))/
E. A p-value was obtained (Table S4) by an upper-tailed Poisson test for the number of
consistent DEG pairs, |A* N B*| + A~ N B7|, with A = E/2. P-values were adjusted using
Benjamini-Hochberg FDR correction.

Pathway enrichment analysis—KEGG pathway enrichment analyses were performed
by using R package fgsea’?, fast preranked gene set enrichment analysis (GSEA):
minSize=3, maxSize=500, nperm=100,000. Gene sets “c2.cp.kegg.v7.0.symbols.gmt”
was in used the analysis, and these gene sets were obtained from the MSigDB’3
collections: https://www.gsea-msigdb.org/gsea/msigdb/collections.jsp. The default fgsea
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multiple hypothesis correction was used (Benjamini-Hochberg). Fig. 3F contains the
34 pathways that were significant (FDR <0.05) in at least 10% of all cell types per
compartment. All pathway enrichment results in Table S5.

Pseudotime analysis in myofibroblasts—Pseudotime trajectory was calculated with
Monocle 374 in the TI myofibroblasts. Clustering was performed with the louvain method
with k = 500. Genes that have expression changed significantly over pseudotime were
extracted using Moran’s | test for spatial correlation (g-value < 0.1). The top 200 genes by
fraction of myofibroblast cells expressing them were selected from among this significant
set and are presented in Fig. 5D. Expression in this heatmap was smoothed using a cubic
spline using the smooth.spline function in R with smoothing parameter spar = 1.5. Genes
were ordered by the pseudotime of maximum expression. Genes were selected for follow-up
by prioritizing genes annotated as transcription factors, or which are DNA or RNA-binding.
The following genes were selected for follow up: RNF168, GREMI1, ZNF451, ZNF263,
EDNRB, PTCH1, TBX3, CYP1B1, CHMP1A, GREMZ2, APOE, HOPX, RGMA, PKNOXI.

Ligand activity analysis—Ligand activity analysis was performed using nichenetr
(An open source R implementation of NicheNet: https://github.com/saeyslab/nichenetr).
The function nichenet_seuratobj aggregate was used to predict ligand-receptor activity in
different cell types. Default parameters were used with the exception of expression_pct
which was set to 0.05. Top ligands were selected with a Pearson score higher than 0.08.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

scRNAseq atlas of 720k ileal and colonic cells in Crohn’s disease (CD) and
controls

Compositional and transcriptomic changes across immune, epithelial and
stromal cells

Colonic tissues show stronger transcriptomic changes in inflammation and
disease

CHMPIA, TBX3, and RNF168 may regulate a CD-associated program in
fibroblasts
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Figure 1. Single-cell measurement of healthy, non-inflamed and inflamed terminal ileum (T1)
and colon (CO), biopsies in Crohn’s Disease.

(A) Workflow of biopsy collection and sScRNA-seq measurements. *Note that some patients
contributed samples to multiple locations and/or inflammation statuses. (B-C) UMAP
visualization of all cells in Tl and CO, colored by cell type compartment (B) and detailed
cell types within compartments (C). (D) Principal coordinates analysis (PCoA) of Bray-
Curtis dissimilarities from sample-level cell type composition profiles. Top: Colored by
layer information: E: epithelium, L: lamina propria, N: not separated. Middle: Colored
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by location. Bottom: Colored by disease status (Healthy, Non-inflamed or Inflamed).

(E) Barplots show significant differences in cell type frequency for non-inflamed (blue)

and inflamed (red) samples relative to healthy (green) samples in immune, stromal

and epithelial compartments in TI (top-row) and CO (bottom-row). (*adjusted p<0.05,
**adjusted p<0.01, red* = overrepresented in inflamed or non-inflamed samples vs. healthy,
blue* = underrepresented). The total number of cells contributing to each bar is also shown.
In T1, the sample size for Healthy/Non-inflamed/Inflamed was 13/49/16 for the stromal and
immune compartments, and 11/45/14 for epithelial. In CO, these were 32/20/6 and 32/18/5
respectively.
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Figure 2. Expression profiles across cell types of core IBD risk genes.
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(A) Scaled mean expression (Methods) of 20 core IBD risk genes in both T1 and colon.

(B) Fraction of cells from healthy, non-inflamed, and inflamed samples expressing core IBD
genes for cell types with at least 200 cells available. Each point represents the fractions of
cells within a cell type expressing that particular gene. Gene-cell type pairs with a difference
in fraction of genes expressing greater than 0.3 (dashed lines) are labeled. Note that for
readability, cell types are summarized to their category, causing some gene labels to be
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repeated for each specific cell type. Individually differentially expressed gene-cell type pairs
(FDR<0.05) are highlighted (red).
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Figure 3. Location- and cell type-specific differential expression in active CD.
(A) Number of differentially-expressed genes between inflamed CD and healthy samples in

TI, broken down by cell type (discrete component of a MAST model; FDR < 0.05). (B)
Same as (A) but for colon. (C) Relationship between differential expression in Tl and colon
for each cell compartment. (D) Consistency score (Methods) of differential expression in
inflammation for each common cell type between Tl and CO. (E) Relationship between
inflamed vs healthy and non-inflamed vs healthy samples in Tl and colon within each cell
compartment. (F) Fraction of cell types in which KEGG pathways are significantly enriched
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(FDR < 0.05; see Methods) within each compartment and location, split by enrichment
direction (all pathway enrichment results in Table S5).
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Figure 4. Enteroendocrine Cells (EEC) in TI.
(A) UMAP of 670 EECs in TI, colored by subset. (B) Donor and disease composition

among EEC subsets. (C) Expression of markers for major EEC subsets.

Immunity. Author manuscript; available in PMC 2024 February 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kong et al.

—~log10(FDR)

-log10(FDR)

Page 34

Pseudotime
== z-scored
— i
—  oxprossion
e 2
— 0
—
—l
coL1sA1 COL23A1 —= — GREM2
]
S —GREM1
- —RNF168
: g —CHMP1A
% pseudotime
;5 30
§ . 20 —
i 10 - _/’TBXS
° = E ICOL23A1
e COL18A1
- /HHIP
Myofibroblast GREM1+ GREM2+
@ Myofibroblast HHIP+ NPNT+
COL4A1 COL4A2 COL5A3 COL7A1
-
3 TBX3
“S~chmpiA
CYP1B1 CHMP1A TBX3 CHMP1A
2 \ N ' | '
RNF168 ZNF700
e e N e e V=TI ST
~—
1 /‘ / , ° / PKNOX1
HOPK s Neonee LTIV A i
P oo e *
T [ of oo
. . 3 . 3
=2 0 - -2 0 2 -2 ] 2 -3 0 2
EDNRB HHIP LTBP1 MYOCD
25 Tex3 "EDNRB
CHMP1A
- cvpigt o o cypist
CYP1B1 @ e GREM1 L4 CHMPIA CPiMP“A PKNOX1
15 EDNRB
........... "'. ......TBXQ'.,.A.,...),pTcm T RS TR SeTNRN s bavaies|| v swevess AETCHTE w2 DOk o s =
CYP1B1
1.0 3 Se PK.NOX‘ . . .
e . HOPX .o
.
05 . B oo EDNRB .
% . .~ . *
.
=2 o

AF488-Col7a1 MFI (AU)

Figure 5. Molecular regulators of myofibroblast activation in inflamed tissues.
(A) UMAP of the myofibroblast sub-groups in Tl (HHIP* NPNT* and GREM1*

GREMZ2*), overlaid with expression of myofibroblast markers and sub-group markers. (B)
Myofibroblast sub-groups clustered into two distinct clusters. (C) Pseudotime analysis of Tl
myofibroblasts. (D) Expression profiles of 200 selected genes with significant expression
changes with respect to pseudotime (Methods). Highlighted genes include sub-group marker
genes from (A) for the myofibroblast sub-groups, as well as significant genes in (E).
Expression (TP10K) was first smoothed with a cubic spline and standardized to highlight
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expression differences (Methods). (E) Volcano plots for differential expression of four
collagen genes and four HHIP* NPNT* marker genes in siRNA knockdown of select genes.
Collagen genes were selected based on their expression in this population of cells (COL5A3
and COL 7A1), and expression in myofibroblasts in literatureb1. The top 5 genes by FDR

are labeled. Dashed red line indicates FDR 0.05. (F) (Left) Fibroblasts were stained for
COL7A1 expression (green) and counterstained with DAPI (blue) after knock-down of the
indicated genes (left to right: control, 7TBX3, CHMP1A and RNF168). (Right) MFI of

COL 7A1 staining in the indicated cells with (pink) and without (gray) TGFp treatment.
Each dot represents the average of 30 images, n = 6 independent wells.
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Gini coefficients for 20 core IBD risk genes in Tl and colon.

Functional relevance to IBD from12.

Table 1.
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coactivator)

Functional relevance Gene names Gini Highest mean expression Gini Highest mean
in IBD (Tn cell type (TI) (CO) expression cell type
(CO)
IL23R Adaptive immunity, IL23R 0.84 ILCs 0.85 ILCs
NKX2-3 Restitution NKX2-3 NKX23 0.81 Endothelial cells CA4* 0.76 Endothelial cells CD36*
NKX2C CD36*
CARD9 Microbe-sensing CARD9 0.77 Macrophages PLA2G2D* 0.77 DC2 CD1D~
EBF1 B cells EBF1 COE1 EBF 0.72 Pericytes HIGD1B* 0.82 Pericytes HIGD1B*
STEAP4* STEAP4*
IL2RA Adaptive immunity, IL2RA 0.70 Macrophages PLA2G2D* 0.74 Tregs
Treg
NOD2 Microbe-sensing NOD2 CARD15 0.71 Monocytes S100A8* 0.73 Monocytes S100A8*
IBD1 S100A9* S100A9*
HNF4A UPR, Healing HNF4A HNF4 0.68 Epithelial cells HBB* 0.75 Enterocytes TMIGD1*
NR2A1 TCF14 HBA* MEP1A*
PTPN22 Tolerance PTPN22 PTPN8 0.61 T cells OGT* 0.67 T cells OGT*
LRRK2 Lysosome function LRRK2 PARKS 0.59 Neutrophils S100A8* 0.65 Monocytes S100A8*
S100A9* S100A9*
IKZF1 B cells, Treg IKZF1 IK1 0.51 T cells OGT* 0.61 T cells OGT*
IKAROS LYF1
ZNFN1A1
SLC22A5 | (carnitine transporter) SLC22A5 0.54 Epithelial cells 0.49 Enterocytes TMIGD1*
OCTN2 METTL12* MAFB* MEP1A*
GPR35 Epithelial barrier GPR35 0.50 Neutrophils S100A8* 0.52 Enterocytes TMIGD1*
S100A9* MEP1A*
INPP5E (phosphatase) INPP5E 0.39 T cells OGT* 0.42 Pericytes HIGD1B*
STEAP4*
PRDM1 B cells, Treg PRDM1 BLIMP1 0.37 Plasma cells 0.43 Macrophages LYVE1*
JAK2 Adaptive immunity, JAK2 0.34 Neutrophils S100A8* 0.44 Monocytes S100A8*
Cytokines S100A9* S100A9*
SMAD3 Treg SMAD3 MADHS3 0.35 Neutrophils SI00A8* 0.42 T cells OGT*
S100A9*
IFIH1 Microbe-sensing IFIH1 MDA5 0.29 Neutrophils S100A8* 0.36 Monocytes S100A8*
RH116 S100A9* S100A9*
TYK2 Adaptive immunity, TYK2 0.29 Monocytes S100A8* 0.32 T cells OGT*
Cytokines S100A9*
NFKB1 Immune signaling NFKB1 0.23 Neutrophils SL00A8* 0.32 Monocytes S100A8*
S100A9* S100A9*
EP300 (transcriptional EP300 P300 0.22 Tuft cells 0.31 T cells OGT*
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