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Epithelial dysfunction is prevented by IL-22 treatment in a
Citrobacter rodentium-induced colitis model that shares
similarities with inflammatory bowel disease
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Inflammatory bowel disease (IBD) is characterized by a dysregulated intestinal epithelial barrier leading to breach of barrier
immunity. Here we identified similar protein expression changes between IBD and Citrobacter rodentium-infected FVB mice with
respect to dysregulation of solute transporters as well as components critical for intestinal barrier integrity. We attribute the disease
associated changes in the model to the emergence of undifferentiated intermediate intestinal epithelial cells. Prophylactic
treatment with IL-22.Fc in C. rodentium-infected FVB mice reduced disease severity and rescued the mice from lethality. Multi-omics
and solute analyses revealed that IL-22.Fc treatment prevented disease-associated changes including disruption of the solute
transporter machinery and restored proper physiological functions of the intestine, respectively. Taken together, we established the
disease relevance of the C. rodentium-induced colitis model to IBD, demonstrated the protective role of IL-22 in amelioration of
epithelial dysfunction and elucidated the molecular mechanisms with IL-22's effect on intestinal epithelial cells.

Mucosal Immunology (2022) 15:1338-1349; https://doi.org/10.1038/s41385-022-00577-w

INTRODUCTION

Inflammatory Bowel Disease (IBD), comprised of Crohn’s Disease
(CD) and Ulcerative Colitis (UC), is a chronic inflammatory disease
of the intestine’. The etiology of IBD is complex, and involves an
interplay between host genetics, microbial dysbiosis, and a
malfunctioning immune system?. One of the key mechanisms
underlying IBD is dysregulated intestinal barrier function as well as
epithelial tissue damage leading to a breach in barrier immunity
that leads to colitis>. Mucosal healing therapies that restore the
barrier and epithelial function may result in long-term remission in
IBD**. There is heterogeneity in intestinal epithelial cells (IECs) in
healthy individuals as well as UC patients®. In UC patients, IECs
express elevated markers of inflammation, while genes involved in
reinforcing barrier integrity, including preventing invasion by
bacteria, were reduced. Interestingly, Parikh et al.’> reported an
increase in Wnt signaling modulator PLA2G2A and reduction of
chloride absorptive transport machinery (CART and SLC26A2) in
colonocytes from UC patients; this indicates that UC patient
colonocytes are characterized by overt proliferation at the
expense of differentiation/function. Thus, preclinical models that
mimic IBD epithelial dysfunction are essential to understand the
pathophysiology of IBD.

Due to heterogeneity in the mechanisms that drive IBD, several
pre-clinical models are used to interrogate the biology of IBD®.
One such model that mimics microbial-driven mechanisms is
Citrobacter rodentium infectious colitis’. C. rodentium uses similar

infection strategies to breach the intestinal barrier as human
enteropathogenic Escherichia coli and induces host microbiota
dysbiosis, which is thought to drive the pathophysiology of IBD
(reviewed in”®). Infection of mice with C. rodentium induces
damage to colonic IECs and eventually leads to epithelial
hyperplasia, which results in either self-limiting disease in
C57BL/6 or fatal colitis in strains such as FVB®. The loss of disease
tolerance in FVB mice is attributed to excessive Wnt-mediated
epithelial cell proliferation and dysfunction, and notably dysregu-
lation of solute transporters that control the physiological balance
of Na*/CI7"®"", Hence, the C. rodentium colitis model could be
relevant to the study of epithelial dysfunction in IBD.

IL-22 was recently reported to inhibit Wnt signaling in mouse
intestinal organoids'?, raising the possibility that IL-22 could
rescue the Wnt signaling defects in the intestinal epithelium of
infected FVB mice. IL-22 plays a critical role in host defense and
epithelial cell homeostasis®. IL-22 is secreted by lymphocytes and
signals via its receptor, a complex of IL22RA1/IL10RB, which is
highly expressed in various IEC lineages'®. Pre-clinical studies
established the critical role of IL-22 in intestinal tissue repair and
homeostasis. Genetic ablation of IL-22 signaling via deficiencies in
either IL-22 production or its receptor IL22RA1, as well as
neuralization of IL-22, increased susceptibility to dextran sulfate
sodium (DSS), T cell transfer (TCT) or C. rodentium induced colitis in
C57BL/6 mice' ™. In these models, IL-22 treatment repaired the
barrier by inducing epithelial cell proliferation/survival and by
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reinforcing the barrier via production of mucin from goblet cells
(reviewed in%). Moreover, IL-22 potentiates host defense by
stimulating anti-microbial peptides (AMPs) and prevents growth
of pathogenic microbial species by inducing glycosylation of host
cell proteins that act as an energy source for probiotic species'®. In
line with its multifaceted role, treatment with an IL-22.Fc fusion
protein ameliorated DSS colitis'’. IL-22.Fc also increased para-
cellular water transport that facilitated clearance of C. rodentium in
infected C57BL/6 mice'”. Based on pre-clinical data, treatment
with IL-22 is being investigated as a treatment for IBD'®°.

In this study, we first compared the differential expression of
proteins critical for IEC function and differentiation from C
rodentium-infected FVB mice and used proteomics analyses in
IBD patients to understand the translatability of the model to
human disease®®. Our proteomics analyses revealed similarities
between human IBD and infected FVB mice. Next, we also
assessed whether prophylactic treatment with IL-22.Fc would
ameliorate disease severity and found that IL-22.Fc treatment
rescued infected mice from lethality by preventing fatal diarrhea.
IL-22 prevented the disease associated dysregulation of critical
solute transporters and the emergence of intermediate intestinal
epithelial cells, which overlapped with undifferentiated IECs
present in human tissues®. Taken together, these studies
elucidated a mouse model with hallmarks of epithelial dysfunction
noted in IBD patients and expanded the mechanism of action
(MoA) for mucosal healing during therapy with IL-22.Fc.

RESULTS

Proteomics and single cell CITE-seq analyses highlight the
parallels and differences between human IBD and C.
rodentium induced colitis in a susceptible mouse strain
Multi-omics studies have revealed IEC defects in human IBD’, and
revealed the presence of undifferentiated IECs with drastically
reduced expression of chloride absorptive transporters (e.g.,
SLC26A3 and CAR4), and components of the mucous layer (e.g.,
MUC2 and CEACAMT), which play key roles in regulating intestinal
homeostasis. Notably, down-regulation of both Slc26a3 and Car4
has been observed in C. rodentium-infected susceptible mice (such
as FVB'®) suggesting that this model could be used to study
intestinal epithelial dysfunction. To that end and to understand
the translatability of this model to human disease, we conducted a
proteomics analysis in C. rodentium-infected FVB mice and
assessed protein expression changes for key proteins that regulate
intestinal homeostasis in the model and compared these results
with our previously published IBD proteomics dataset?°.

After inoculating FVB mice orally with C. rodentium, we
confirmed an increase in fecal CFU on days 5 and 7 post-
infection (p.i.) in colon tissue compared to non-infected control
mice (Supplementary Fig. 1a). To better understand disease
kinetics in infected mice, we established a novel endoscopy
disease severity score, i.e., the Murine Endoscopic Disease Activity
Index (MEDAI), which was defined based on thickening of the
intestinal epithelium, presence of exudate and loss of vascularity
(scoring system described in Supplementary Table 1). We
observed an increase in the MEDAI as early as day 5 p.i., which
peaked on day 7 p.i. and remained severe until day 9 p.i. (Fig. 1a;
representative images shown in Supplementary Fig. 1b). Endos-
copically, the colitis in C. rodentium-infected FVB mice was
characterized by a white intestinal surface due to hyperplasia-
induced increased granularity and release of exudate resulting in
masking of vascularity (Supplementary Fig. 1b). By day 7 p.i,
epithelial hyperproliferation led to angular protrusions of the
thickened epithelium into the lumen resulting in a striated
appearance, a hallmark of disease progression in this model
(Supplementary Fig. 1b). Consistent with published literature®', we
observed that 90% of the FVB mice exhibited severe clinical
disease as manifested by mice that succumbed to infection or
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were euthanized after the loss of >20% body weight/moribund
appearance by day 10 p.i. (Supplementary Fig. 1c). Disease kinetics
reported by endoscopy were confirmed by histological analyses
and Alcian blue staining of goblet cells, which showed progressive
inflammation, mucosal hyperplasia and goblet cell loss in the
distal colon (Supplementary Fig. 1d-1f). We observed that some
crypts in CD and UC tissues, but not all, showed the loss of goblet
cells, which is a sporadic feature that occurred in certain areas of
the tissue (Supplementary Fig. 1g; indicated by the arrow),
consistent with previous reports®22%,

We performed a Mass-Spectrometry (MS) based global proteo-
mics analysis of mouse colon tissues on day 8 p.i,, at the peak of
MEDAI, from naive mice and untreated infected mice. As
expected, a heat map showed that infection-induced major
alterations in protein expression (Supplementary Fig. 2a). A
volcano plot revealed that CAR4 and SLC26A3 were significantly
downregulated compared with naive controls (Fig. 1b), consistent
with published data'®. In diseased untreated mice, we observed a
strong induction of the pro-proliferative/tumorigenic cycle reg-
ulator CDC20 and the Wnt signaling modulator PLA2G2A®>,
PLA2GA is expressed by secretory cells in the mouse colonic
tissue and its secreted form, induced upon inflammation, drives
proliferation of IECs in FVB mice?”. Interestingly, PLA2G2A mRNA is
increased in UC patient colonocytes compared to controls®. In our
study, PLA2G2A protein level was not altered in human diseased
tissues (data not shown). We also observed down-regulation of
the SULT1 family of proteins and HAO2, which have been
observed in other models of colitis, thus highlighting similarities
between pre-clinical models of disease®®.

Among the proteins critical for intestinal homeostasis, we
analyzed changes in chloride absorptive transporters (SLC26A3
and CAR 1/2/4), a chloride secretory transporter (SLC12A2),
components of the Na*/K"-ATPase (ATP1B1/B2) that establish
electrochemical gradients critical for movement of Na*, K™ and
Cl~, mucus components (MUC2, KLK1, CEACAM1, LGALS3, DMBT1,
PIGR), a regulator of goblet cell differentiation (AGR2), differentia-
tion markers for IECs (KRT19, S100A6, SELENBP1) and proteins
involved in preventing bacterial invasion (DMBT1 and ZG16)>%"~2°,
Comparing mouse proteomics data to our published proteomics
analyses in human IBD, we observed down-regulation of chloride
absorptive machinery during disease in mice and humans,
compared to healthy controls (Fig. 1c). In the same way, some
components of the mucous layer i.e. MUC2, KLK1, LGALS3, DMBT1
and ZG16, also shared similar protein expression changes in
infected mice and IBD tissues (Fig. 1c).

We examined expression of tight and adherens junction
proteins that are parts of the IEC layer’®. By proteomics, we
found there was modest change in CLDN3, CDH1, CDH17 and
TJP1-3 after infection (Fig. 1b) whereas they were more prominent
changes in IBD patients (Fig. 1c). We also analyzed changes in
proteins in involved wound repair®’ and found that the extent of
the protein changes was modest in both the mouse disease and
human IBD (Supplementary Fig. 2b and Fig. 1c). While differences
in fold expression between mouse and human diseased tissues as
well as between UC and CD tissues were observed, we found that
our proteomics analyses identified similar patterns of dysregula-
tion of key intestinal homeostatic proteins involved in solute
transport and mucous layer in C. rodentium-induced colitis in FVB
mice and in human IBD.

We also assessed changes in disease relevant immune cells such
as T cells and macrophages at the same time point when the IECs
were assessed, to address whether they undergo similar changes
in C. rodentium-induced colitis as human IBD. We performed cell
type label transfer from CD patients® to mouse cell clusters based
on transcriptomic signatures and found that a majority of Cluster 4
cells are highly activated T cells in CD patients and that Cluster 3
cells were inflammatory macrophages in CD (Supplementary
Tables 2 and 3). We then compared gene expression changes after
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C. rodentium infection in mouse T cells (Cluster 4) and human highly activated T cells from IBD patients (Fig. 1d). Such

macrophages (Cluster 3) to their counterpart cell populations in
CD. IPA analysis revealed that several pathways were regulated
similarly between mouse T cells after C. rodentium infection and
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pathways included leukocyte extravasation, T cell receptor
activation, and Th1 and Th17 responses (Fig. 1d). Mouse and
human T cell changes shared similar upstream regulators and
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Factors critical for intestinal epithelial function exhibited similar protein expression changes and factors associated with T cell

function, but not macrophage function, exhibited similar gene expression changes between C. rodentium-induced colitis and human IBD
tissues. a FVB mice were infected with C. rodentium p.o. and disease progression was measured using endoscopy at various times p.i. (n = 5-9
mice per time point). b Volcano plot depicting protein expression changes on day 8 p.i. compared to naive mice detected using MS based
proteomics. ¢ Heat map of select protein expression changes in infected FVB mice with previously published CD or UC proteomics datasets?’,
compared to respective healthy controls. d IPA pathway, upstream regulator and function comparisons between mouse cell Cluster 4 and a
human highly activated T cell cluster. e IPA pathway, upstream regulator and function comparisons between mouse cell Cluster 3 and a
human inflammatory macrophage cluster. *p < 0.05, ***p < 0.001 determined as follows: Kruskal-Wallis with Dunnett’s multiple comparisons
test (a). Data are representative of five independent experiments (a). Horizontal bars represent the mean of the points shown (a).

cellular functions such as cell migration, differentiation, and
proliferation (Fig. 1d). In contrast to T cells, mouse and human
macrophages had less similarities based on IPA pathway analyses,
although mouse and human macrophages performed similar
cellular functions as evidenced by shared function terms including
cell migration (Fig. 1e). Future studies will address the alterations
in immune cells that occur during the early phases and the impact
of IL-22 treatment.

IL-22.Fc prevented colitis and improved survival in

C. rodentium-infected FVB mice

Several studies indicated that fatal colitis in FVB mice is due to
infection-induced epithelial hyperplasia potentially due to an
increase in Wnt signaling modulators, including RSPO2 and/or
secreted PLA2G2A'"%. |L-22 inhibits Wnt and NOTCH signaling in
mouse intestinal organoid cultures'. Moreover, due to the multi-
faceted role of IL-22 in regulating several other aspects of
intestinal epithelium homeostasis (reviewed in*'®), we assessed
the secretion of IL-22 from colonic explants following C
rodentium-infected mice. We found that IL-22 secretion peaked
on day 3 p.i. and decreased to basal level on day 7 and 9 p.i. from
C. rodentium-infected mice when compared to naive mice (Fig. 2a),
consistent with a previous study®3. The reduced levels of IL-22 C.
rodentium-infected FVB on day 7 and 9 p.i. could be the cause of
disease worsening in the infected FVB mice. This prompted us to
determine whether exogenous IL-22.Fc would ameliorate disease
in infected FVB mice and rescue them from lethality.

We started treatment with IL-22.Fc or vehicle control (PBS)
intraperitoneally one day before C. rodentium infection and
maintained treatment twice a week on days 2, 6, 9 and 13 p.i.
(Fig. 2b). Exogenous IL-22.Fc reduced bacterial burden in the feces
(Fig. 2c) on day 5 p.i. and reduced the endoscopic MEDAI compared
with vehicle control on day 7 p.. (Fig. 2d and f). Endoscopic
measures of exudate, granularity and vascularity were all improved
in IL-22.Fc-treated mice (Fig. 2d and f). Histologic evaluation
confirmed a significant reduction in mucosal inflammation and
hyperplasia in the distal and mid colon (Fig. 2e and f). IL-22
treatment also prevented the goblet cell loss, albeit with variability
in the degree of amelioration (Supplementary Fig. 2c). IL-22.Fc
treatment significantly enhanced survival in C. rodentium-infected
FVB mice (Fig. 2g). Untreated and PBS treated mice lost significant
more body weight than naive animals on day 9 p.i., demonstrating
the severity of disease in the infected animals (Supplementary
Fig. 2d). Although the average body weights of IL-22 treated group
were higher than those of untreated or vehicle control groups, the
differences were not statistically significant consistent with other
reports where IL-22 treatment had no impact on body weight>*3>;
however, this is in contrast to studies where exogenous IL-22 did
improve body weight indicating that effect of IL-22 on body weight
is context dependent®®*’. Co-housing the IL-22 treated mice with
vehicle treated mice conferred partial protection on vehicle treated
mice (Supplementary Fig. 2e) consistent with the role of IL-22 in
altering the endogenous microbiota to favor protection from
pathogenic bacterial species'®.

IL-22 drives host defense by eliciting the production of AMPs
such as REG3B and REG3G in response to microbial infection®.

Mucosal Immunology (2022) 15:1338-1349

Consistent with these published observations, we found that
REG3B and REG3G protein levels were increased in IL-22.Fc-treated
animals compared to vehicle control treated animals (Fig. 2h and
j). Finally, to phenotypically assess the differentiation of intestinal
epithelium, we evaluated expression of PHGR1 protein, which
shows highest expression in the most differentiated cells of the
human intestinal epithelium by IHC*®, We found that PHGR1 was
decreased in whole colonic tissue in infected untreated mice and
IL-22.Fc-treatment restored the expression of PHGR1 to levels
comparable to naive mice (Fig. 2i and j). As such, IL-22 treatment
potentiated host-defense, reduced disease severity and rescued
FVB mice from C. rodentium infection induced lethality.

CITE-seq analysis revealed the emergence of undifferentiated
intermediate IECs during disease, resolved the MoA of IL-22
in vivo and identified parallels between C. rodentium-induced
colitis and IBD

Overt epithelial hyperplasia in FVB mice during C. rodentium
infection likely interferes with normal epithelial differentiation,
resulting in undifferentiated IECs akin to those reported in human
samples®. Moreover, how IL-22 treatment regulates the function of
various IEC lineages in vivo is not well understood. Thus, using
single-cell CITE-seq technology, we determined whether there was
heterogeneity in IECs in various treatment groups, and deter-
mined how IL-22 treatment altered their transcriptomic signature.

Colon cells were isolated on day 12 p.i. and processed for CITE-
seq. We identified and visualized 24 cell clusters by Uniform
Manifold Approximation and Projection (UMAP) (Fig. 3a). We first
performed automatic cluster annotation using SingleR*° by
comparing transcriptomic similarities of single cells from indivi-
dual clusters to reference databases. Based on the SingleR analysis
(shown in Supplementary Table 2), we identified 8 different cell
types distributed across various clusters: 1) epithelial cells, 2)
macrophages/monocytes, 3) dendritic cells, 4) T/NKT/Innate
Lymphoid Cells, 5) B cells, 6) fibroblasts, 7) endothelial cells, and
8) stromal cells. For further analyses we focused on epithelial cell
clusters (Clusters 0, 12, 16, 22 and 23), which expressed higher
levels of EPCAM protein detected using a CITE-seq specific
barcoded antibody (Fig. 3a, inset). Based on similarities in the
transcriptomic signature, we annotated mouse IEC clusters by
transferring cell type labels from a UC study to mouse IEC Clusters
0, 12, 16 and 22, but not Cluster 23 due to the smaller number of
cells compared to other clusters, which precluded statistical
analysis (Fig. 3a; Supplementary Table 4)°>. We found that the
majority of cells in Clusters 0, 12, 16 and 22 were undifferentiated
cells, goblet cells, colonocytes and enteroendocrine cells (EECs),
respectively (Fig. 3a; Supplementary Table 4). All the clusters
shared similar cell type markers as their counterparts in human
tissues® (Supplementary Fig. 3a), thus confirming our cell type
label transfer.

Next, we performed pseudotime trajectory analyses to under-
stand changes in IEC differentiation states in various treatment
groups. In this analysis, we were unable to distinguish between
goblet cells and EECs in Cluster 22 because of its small size,
heterogeneous composition and due to overlapping secretory
mechanisms between goblet cells and EECs, consistent with
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observations in human studies”. In all groups, trajectory analyses
revealed a dichotomous trajectory of IECs developing from stem
cells at Milestone S into two distinct differentiation lineages, i.e.,
absorptive, and secretory cells ending at Milestones C and G,
respectively (Fig. 3b), as reported previously’. To elucidate the

SPRINGER NATURE

differentiation state of various clusters, we investigated their
distribution within the trajectory. The majority of Cluster 16 was
present at colonocyte Milestone C whereas Cluster 12 and Cluster
22 were at goblet cells/EECs Milestone G (Fig. 3b, ¢; Supplemen-
tary Table 5). Notably, after C. rodentium infection, intermediate
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Fig.2 Exogenous IL-22 treatment protected C. rodentium infected FVB mice from lethality. Prophylactic treatment of IL-22.Fc was started
before infection and administered twice per week until the end of the experiment (n = 3-10 mice per group). a IL-22 secretion from colonic
explants of naive non-infected mice and C. rodentium infected FVB mice at various times p.i. b Schematic of prophylactic treatment of IL-22.Fc.
On day 5 p.i., fecal burdens (c), and on day 7 p.i. endoscopic disease severity (d), distal colonic inflammation (left) and hyperplasia (right) in
H&E stained tissues (e) were measured. f Representative endoscopy (top) and H&E staining (bottom) images of distal colon in various
treatment groups. Scale bar, 50 pm. g Percent survival curves from the start of the experiment until 90% of the untreated animals were either
found dead or exhibited >20% body weight lost. h—-j Immunoblot analyses of REG3B, REG3G, PHGR1 and GAPDH (loading control) in various
treatment groups (data from individual mice shown in h and i) and densitometric quantification (j). NS, not statistically significant, *p < 0.05,
**p < 0.01, ***p <0.001, ****p < 0.0001 determined as follows: One sample Wilcoxon test or Mann-Whitney test multiplied by the number of
inter-group comparisons (c-e), log-rank test (g), or one-way ANOVA with Dunnett’s multiple comparisons test (j). Data are representative of
two (a) or four independent experiments (c, d, f and g). Horizontal bars represent the mean of the points shown (c, d, e and j).

states (Branching [B]/Transitional [T]) were present in both the
colonocyte as well as goblet/EEC clusters in untreated or vehicle
treated mice, indicative of infection-induced incomplete differ-
entiation from progenitor cells (Fig. 3¢; Supplementary Table 5). IL-
22.Fc treatment restored the distribution of cells in the colonocyte
cluster to a pre-disease state suggesting that Cluster 16 was highly
responsive to IL-22. Using Cluster 12/22 and 16 as references, we
studied the distribution of cell types within Cluster 0 and found
that it contained mostly undifferentiated cells (i.e., stem cells or
intermediate cells), some colonocytes but not goblet cells/EECs
(Fig. 3b, ¢; Supplementary Table 5). Finally, to appreciate the
degree of alteration in the overall landscape of IEC differentiation
during each treatment condition, we combined the data from IEC
clusters. After infection, there was an increase in the percentage of
intermediate cells from 37.0% in naive FVB mice to 51.2% in C.
rodentium-infected FVB mice (Fig. 3c). IL-22.Fc treatment
decreased the prevalence of intermediate cells to 28.3%
compared with vehicle controls at 47.0% (Fig. 3c). To further
understand the nature of intermediate |IECs, we isolated Cluster O
cells from infected untreated FVB mice in silico, since majority of
the intermediate cells were undifferentiated Cluster 0 cells (Fig. 3¢;
Supplementary Table 5). We identified four subclusters in total
(Supplementary Fig. 3b). The UC study reports five sub-cell types
from human undifferentiated [ECs including stem cells, early
transit-amplifying cells, cell-cycle cluster cells (transit-amplifying-
like-cells with high expression of cell cycle genes), absorptive
progenitor cells and secretory progenitor cells®. We, therefore,
annotated subclusters of the mouse undifferentiated cells by
transferring sub-cell type labels from the UC study to mouse cells.
Interestingly, we found all the four mouse subclusters were mixed
cell populations of early transit-amplifying cells and absorptive
progenitor cells (Supplementary Table 6).

In summary, we identified mouse IEC clusters that were akin to
those observed in human samples, thus underscoring the
translatability of this model to human disease. Infection increased
the frequency of intermediate IECs that have not completed their
differentiation into terminal lineages critical for intestinal epithelial
function, which likely contributed to disease development. IL-
22.Fc treatment prevented the accumulation of intermediate IECs
that occurred during disease.

CITE-seq analysis of C. rodentium-induced colitis following
IL-22 treatment revealed disease-relevant changes in gene
expression of specific epithelial cell populations that were
similar to pathogenic mechanisms in IBD patients

Next, we asked whether specific IEC clusters responded differently
to IL-22.Fc treatment versus vehicle in diseased mice. Cluster 22
emerged in C. rodentium-infected FVB mice, albeit with very low
numbers (Fig. 3c), and therefore, we focused on IEC Clusters 0, 12,
and 16 for analyses of differentially expressed genes (DEGs)
comparing IL-22 treated mice to vehicle (Fig. 4a-d) and untreated
infected mice to naive (Supplementary Fig. 4a-d). When
compared to naive mice, a heat map of the overlapping DEGs
revealed that most, but not all, of the disease associated changes
were reversed by IL-22.Fc treatment (Supplementary Fig. 3c).
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Among the top 50 DEGs, we identified several markers of
terminally differentiated IECs as well as solute transporter genes
(Supplementary Table 7). Some solute transporter changes overlap
with those found in whole tissue microarray studies reported
previously'®, thus validating our transcriptomics analyses. Next, we
assessed the differential expression of genes involved in intestinal
homeostasis, some of which were highlighted in Fig. 1c.

Analyses of the differentiation markers reported in human IECs®
revealed that several genes had low to undetectable expression in
mouse cells (Supplementary Fig. 3a). Among the detectable genes,
we found that in infected untreated mice there was a decrease in
markers that were highly expressed on differentiated human IECs,
including SIc26a3, Car1, and Phgr1 in Clusters 0 and 16 when
compared to naive mice (Supplementary Fig. 4a). Of note, Phgril
was among the top down-regulated genes in the undifferentiated
and colonocyte cluster in diseased mice (Supplementary Table 7)
validating the protein changes shown in Fig. 2i and j. IL-22.Fc
treatment increased the expression of the majority of these
differentiation markers including Sic26a3, Carl, Car4 and Phgri
compared to vehicle (Fig. 4a). We did not observe a significant
change in Alpi (Alkaline phosphatase, intestinal) either following
the infection or after IL-22 treatment.

Among the AMPs, IL-22.Fc increased expression of Reg3b and
Reg3g mRNA in all three IEC clusters (Fig. 4b), whereas Defb45*
and Rnase4*' were only upregulated in undifferentiated cells.
Strikingly, Wfdc2, a novel AMP reduced in UC patientss, was
upregulated by IL-22.Fc in undifferentiated cells but was down-
regulated in Cluster 16 colonocytes (Fig. 4b), thus highlighting cell
type specific regulation of function. Since Cluster 0 is the largest
IEC cluster (Supplementary Table 2), we speculate that there
should be an increase in Wfdc2 expression in IL-22.Fc-treated
animals.

For goblet cell differentiation and mucus layer integrity, we
reviewed the genes involved in differentiation (Nupri, Agr2, Kif4
and EIf3) or formation of critical components of the colonic
mucus layer (Muc2, Muc3, Kiki, Oit1, Ceacam1, Mepla, Lgals3,
Dmbt1, Pigr and Pchd17)?2427%8 Except for Muc2, all the other
genes were significantly up-regulated with IL-22.Fc treatment in
undifferentiated stem cells (Fig. 4c). IL-22.Fc treatment signifi-
cantly increased Muc2, Nupr1 and Agr2 in goblet cells suggesting
that IL-22 drives differentiation and function of goblet cells. In
contrast, Agr2 expression was decreased in colonocytes,
consistent with its role in regulating goblet cell function®**547,
Moreover, differential contributions of various epithelial cell
clusters in establishing the mucus layer were evident by Klk7 and
Oit1 induction in goblet cells and Ceacam? induction in
colonocytes (Fig. 4c).

Within the solute transporters (reviewed in?’) we observed a
decrease in several solute transporters in undifferentiated cells
and colonocytes (Supplementary Fig. 4d), including Slc26a2 which
was reduced in UC patient colonocytes compared to controls’.
Compared to vehicle, IL-22.Fc treatment significantly: 1.) up-
regulated several chloride absorptive transporters (Slc26a3,
Slc26a2, Carl, Car2 and Car4), 2.) decreased chloride secretory
transporters (Slc72a2) and 3.) decreased several Na™/K™-ATPase
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components and regulators (Atp1bl, Atp1b2, Fxyd3, Fxyd4 and
Fxyd5) in Cluster 0 undifferentiated cells (Fig. 4d). Notably, IL-22
treatment resulted in distinct changes in goblet cells and
colonocytes. Carl and Car4 were significantly upregulated in
colonocytes but not goblet cells, whereas Slc12a2 was significantly
downregulated in goblet cells but not colonocytes. Finally, Slc26a2
was increased in undifferentiated cells and goblet cells after
treatment (Fig. 4d), suggesting that IL-22 treatment should
improve CI~ absorption®*>°.

SPRINGER NATURE

In summary, we furthered the understanding of IL-22 MoA at
the single-cell level by elucidating its differential effect on
undifferentiated IECs, goblet cells and colonocytes.

Exogenous IL-22 prevented development of impaired
intestinal ion transport in C. rodentium-infected FVB mice
Previous studies reported a fatal diarrhea associated with impaired
intestinal ion transport in FVB mice during C. rodentium infection
leading to reduced serum levels of Na* and CI~ ions indicative of

Mucosal Immunology (2022) 15:1338-1349
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hyponatremia and hypochloremia, respectively®. Apical SLC26A3
couples with CAR proteins to mediate absorption of CI~ from the
intestinal lumen®'>2. Solute transporters such as SLC26A3 play
critical roles in maintaining CI~ balance in humans and mice>***,
While we observed the transcriptional regulation of several solute
transporters by IL-22.Fc treatment at the resolution of single IECs
(Fig. 4d), in order to determine if it alters the protein levels of
these solute transporters in the whole tissue and levels of Na* and
Cl~, we conducted proteomics and western blots on colonic tissue
and measured serum and fecal levels of Na* and CI~ from IL-
22.Fc- versus vehicle-treated mice. We assessed these changes
between day 8 and day 11 p.i, time-points when we observed
maximal disease activity.

Proteomics revealed that SLC26A3 and CAR4 were among the
top up-regulated proteins by IL-22 treatment, when compared to
vehicle-treated mice (Fig. 5a). Additionally, IL-22 treatment led to

Mucosal Immunology (2022) 15:1338-1349

significant induction of serum amyloid A 2 (SAA2) and REG3(
(Fig. 5a) consistent with previous studies in mouse models and
clinical studies'”®. IL-22 treatment also increased protein expres-
sion of several mucus layer components?®, including IgA heavy
chain (IGHA), EEC-derived hormone Chromogranin A (CHGA), and
extracellular matrix proteins Decorin (DCN) and Lumican (LUM)
(Supplementary Fig. 4e), thus providing additional information on
the MoA of IL-22 in reinforcing epithelial barrier function. A heat
map highlighting changes of differentially expressed proteins
showed that even as early as day 8 p.i,, in some of the IL-22.Fc-
treated mice, the protein expression changes were similar to that
seen in naive mice (Supplementary Fig. 2a). 3 out of 10 mice that
were comparable to naive mice also had the lowest amount of
disease activity by histology for both the inflammation as well as
hyperplasia scores (shown in Fig. 2e), thus correlating clinical
disease read-outs with proteomics expression.
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Fig. 5 Exogenous IL-22 treatment prevented the dysregulation of solute transporters and prevented fatal diarrhea. a Volcano plot
depicting protein expression changes on day 8 p.i. in IL-22.Fc treated mice compared to vehicle controls using MS based proteomics.
b, ¢ Immunoblot analyses of CAR1, CAR2, CAR4, SLC26A3, SLC12A2, ATP1B2, ATP1B1 and GAPDH (loading control) in various treatment
groups. Data from individual mice shown in (b) and densitometric quantification shown in (c). d Sodium and chloride levels in fecal samples or
in the serum on day 11 p.i. in various treatment groups (n = 10 mice per group). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 determined
as follows: one-way ANOVA with Dunnett’s multiple comparisons test (c, d). Horizontal bars represent the mean of the points shown (c, d).

We confirmed proteomics changes in solute transporters using
western blots at the peak of disease on day 13 p.i. In vehicle-
treated C. rodentium-infected FVB mice, we observed statistically
significant down-regulation of CAR 1/2/4 and SLC26A3 as well as
up-regulation of SLC12A2 (Fig. 5b, c). Furthermore, ATP1B2 was
increased while ATP1B1 was not altered after C. rodentium
infection (Fig. 5b, c). Together, these data suggested that it was
likely that C. rodentium infection would be associated with a
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reduced ability to retain CI™. All these diseases associated changes
were prevented by IL-22.Fc administration (Fig. 5b, c). Moreover,
protein levels of these transporters were restored to levels in naive
mice, except CAR4, where we observed 3-fold higher levels
compared to naive mice (Fig. 5b, c).

Next, we measured Na™ and CI~ levels in circulation and feces.
Compared to naive mice, we observed statistically significant
increases in Na* and Cl™ in the feces and reduced levels in the

Mucosal Immunology (2022) 15:1338-1349



serum after C. rodentium infection (Fig. 5d). Moreover, at the same
time points, untreated FVB mice had dehydration symptoms with
increased levels of serum total protein, including albumin (Fig. 5d).
IL-22.Fc treatment of C. rodentium-infected FVB mice prevented
hyponatremia and hypochloremia as well as dehydration when
compared to vehicle-treated animals (Fig. 5d). In C. rodentium-
infected mice treated with IL-22.Fc, Na* and total protein levels in
the serum were comparable to naive mice (Fig. 5d). In sum, the
functional consequence of the changes in solute transporters in C.
rodentium-infected FVB mice treated with IL-22.Fc was reflected in
the restoration of homeostatic levels of Nat and CI~ in the
circulation to levels observed in naive mice.

DISCUSSION
Molecular changes in intestinal immune cells, stromal cells and
epithelial cells in IBD has provided valuable insight into
mechanisms that contribute to dysregulated intestinal home-
ostasis and barrier immunity>>>°%, Defects in epithelial cell
function has been a challenge to study in pre-clinical models of
colitis and bridging this gap is essential to understand the MoA of
mucosal healing therapies for IBD such as IL-22. The multifaceted
biology of IL-22 positions it as a central regulator of intestinal
tissue homeostasis and necessitates an understanding of its
impact in vivo on various IEC subsets. In this study, we
demonstrated parallels between epithelial dysfunction reported
in human IBD and C. rodentium-induced infectious colitis in FVB
mice, albeit the former is a chronic disease while the latter is an
acute model. Moreover, IL-22 treatment prevented the epithelial
dysfunction reported in mice susceptible to C. rodentium infection
and rescued mice from lethal diarrhea by preventing dysregula-
tion of the solute transporter genes that are involved in Na™/Cl~
transport in the intestinal epithelium. Interrogation of C. rodentium
induced colitis using CITE-seq and proteomics offered us valuable
insight into the translatability of the C. rodentium model to human
disease and allowed us to understand the different IEC types and
their response to IL-22 treatment in the model.

Striking similarities were observed between human IBD and the
C. rodentium infectious colitis model. In C. rodentium infected
mice, disease severity ranged from extensive mucosal hyperplasia
and goblet cell loss in the distal colon, to milder disease in the mid
colon characterized by heterogeneous loss of goblet cells, such
that some crypts had more severe loss compared to other crypts,
akin to what has been observed in IBD patients®’. Comparison of
whole tissue proteomics profiling at the peak of disease in the C.
rodentium mouse model, combined with our previously published
proteomics data in UC and CD tissues®®, revealed a similar pattern
of protein dysregulation. Compared to controls, in diseased
human IBD and mouse colitis tissues, we observed down-
regulation of proteins required for epithelial function and barrier
immunity (such as SLC26A3, CAR4 and MUC2) as well as reduction
in phenotypic markers of intestinal epithelial differentiation (such
as CAR1, CAR4, SLC26A3, PHGR1 and SELENBP1)>. With CITE-seq,
we identified IEC subsets in mice that share common key genes
with their counterparts in human tissues. Moreover, we found that
diseased mice had an expansion of intermediate IECs with a gene
signature that overlaps with ‘undifferentiated’ IECs in UC patients>.
Further analyses showed that the composition of the mouse
intermediate cells overlapped with early transit-amplifying cells
and absorptive progenitor cells of human undifferentiated IECs.
Differentiation of colonocytes requires loss of Wnt signals®®®°,
Since FVB mice are reported to have excessive activation of Wnt
pathway following C. rodentium infection'', the expansion of
transit-amplifying cells and absorptive progenitor cells in the
infected FVB might result in defective terminal differentiation of
colonocyte due to unrestrained Wnt signaling. Therefore, the
absence of intermediate cells in IL-22 treated mice is likely a
consequence of the inhibitory effects of IL-22 on Wnt signaling'?
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that drives the differentiation of intermediate cells into colono-
cytes. In addition to IECs, we also observed shared cellular
properties and functions between T cells in C. rodentium model
and human CD patients. Thus, the underlying mechanisms in
response to microbial dysbiosis in mice and humans share some
overlapping mechanisms that regulate epithelial and T cell
function; as such, the C. rodentium colitis in FVB mice models
the role of microbial dysbiosis in IBD.

We showed that reduced levels of sodium and chloride ions
corresponded with disease severity in the C. rodentium model of
colitis. It is tempting to speculate that this process could be linked
to the extent of inflammation. In vitro systems using human IECs
previously demonstrated the reciprocal regulation of SLC26A3 by
pro-inflammatory cytokine TNFa, and vice versa®. Whether this
occurs on primary IECs and in vivo has not yet been determined.
Due to the clinical success of TNFa neutralizing therapies in IBD,
understanding the contribution of TNFa in regulating physiologi-
cal IEC biology will further our understanding of the pathophy-
siology of IBD. Exogenous IL-22 prevented hypochloremia and
hyponatremia by preventing disease-associated changes in
transporters that maintain physiological solute balance, notably
SLC26A3 and CAR4. IL-22.Fc treatment restored the total protein
levels of SLC26A3 back to levels observed in naive mice and IL-
22.Fc increased CAR4 protein expression to levels greater than
naive mice, suggesting that CAR4 might be directly regulated by
IL-22. Indeed, a STAT3 binding site is predicted in Car4 by the
TRANSFAC database®’, making Car4 a potential new target of IL-22
signaling. Slc26a3 deficiency in mice or loss of function mutations
in humans results in congenital chloride diarrhea, underscoring its
relevance in regulating physiological levels of CI~>3*%%2 While
Car4 deficiency does not present with an overt homeostatic
phenotype in gastrointestinal (Gl) tissues, its down-regulation
increases the risk of colorectal cancer due to an increase in Wnt
signaling and gain of function studies reverses the phenotype®:.
Down-regulation of Car4 is observed in the TCRa deficient
spontaneous colitis model but is not observed in the TCT or DSS
colitis models®®. Interestingly, local gene delivery of /22 amelio-
rates the colitis of TCRa deficient mice®. Future studies are
needed to explore the direct role of IL-22 in modulating
expression of solute transporters, in particular CAR4.

Profound epithelial protective effects of IL-22 treatment were
observed after infection with C. rodentium in susceptible FVB mice
that have defects in epithelial function. We did not observe the
protective effect of IL-22 in infected C57BL/6 mice (Supplementary
Fig. 5). One key difference is that C57BL/6 mice lack the Pla2g2a
gene and do not overexpress Rspo2 in response to C. rodentium
infection, compared to FVB mice'"*. Both PLA2G2A and RSPO2
increase Wnt signaling and proliferation. A Wnt signaling inhibitor
ameliorates C. rodentium induced disease in the other susceptible
C3H strain'". Thus, we conclude that underlying host genetics
influenced the outcome of IL-22 treatment.

Our studies indicated that the pro-differentiation MoA of IL-22
was apparent in a model with defects in barrier function. These
data indicated that the mode of action for IL-22 was context-
dependent. IL-22 provides anti-microbial immunity in response to
several infection models, but not all*. Most of these studies relied
on genetic deficiencies or antibody neutralization of IL-22, which
do not necessarily predict the behavior of agonistic IL-22.Fc
treatment. However, treatment with IL-22 is protective in a DSS-
induced epithelial damage model in C57BL/6 mice'’. In IBD
tissues, we and others have observed areas of erosion inter-
spersed with areas of hyperplasia (shown here®’). Based on this,
we speculate that, depending on the underlying genetics and
local cues, IL-22 treatment might heal the barrier disruption of IBD
by inducing proliferation and promoting survival of IECs but could
also drive differentiation within the hyperproliferative areas.

We elucidated the IL-22-mediated transcriptional changes in
distinct [EC subsets. Several lines of evidence confirmed the

SPRINGER NATURE



Q. Zhu et al.

1348

induction of known targets of IL-22 and identified new molecules
that reinforce barrier immunity. Consistent with previous studies
of homeostatic, chemical injury-induced and spontaneous colitis
mouse models treated with IL-22.Fc or colonic /l22 gene
delivery'7355566 e observed induction of REG3B, REG3y, MUC2
and SAA2 in colonic tissues with IL-22.Fc treatment. Reg3b and
Reg3g were induced in all IEC clusters. In undifferentiated IECs, IL-
22.Fc treatment increased several other AMPs, including Wfdc2
that regulates homeostatic barrier integrity®, as well as numerous
genes that reinforce the protective effects of the mucus layer,
including Dmbt1. DMBT1, aka Muclin, is a GI restricted protein
induced by NOD2 signaling and prevents invasion of IECs by
pathogenic bacteria®’. A deletion variant of human DMBT1 impairs
its activity and is associated with CD®*®°, Importantly, IL-22 has
been shown to induce DMBT1 via STAT3 signaling in a SW403
human colon epithelial cell line”®, thereby adding to the ability of
IL-22 to prevent microbial dysbiosis”".

To the best of our knowledge, this is the first demonstration of a
pre-clinical model that can be used to study the dysregulation of
intestinal epithelial cell function. Single-cell IEC transcriptomics in
the C. rodentium colitis in FVB mice aligned with published human
single cell IEC data® as well as with our previous proteomics
analyses in IBD tissues®’. Moreover, we extended the role of IL-22
in regulating gut homeostasis beyond its role in inducing anti-
microbial peptide and mucin production to include critical solute
transporters. Finally, we observed the concordance between
transcriptomics and proteomics for several genes/proteins critical
for intestinal homeostasis, thus underscoring the importance of
multi-omics approaches to further our understanding of the
underlying disease mechanisms in mouse models as well as
human disease.

METHODS

Methods are in Supplemental Materials.
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