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SUMMARY

Our antibody-based receptor-specific Wnt mimetic, SZN-
1326-p, repaired damaged colon epithelium in a severe
mouse colitis model. SZN-1326-p induced transient expan-
sion of stem and progenitor cells, promoted cell differenti-
ation to restore tissue histology and improved epithelial
barrier, leading to inflammation reduction.

BACKGROUND AND AIMS: Current management of inflam-
matory bowel disease leaves a clear unmet need to treat the
severe epithelial damage. Modulation of Wnt signaling might
present an opportunity to achieve histological remission and
mucosal healing when treating IBD. Exogenous R-spondin,
which amplifies Wnt signals by maintaining cell surface
expression of Frizzled (Fzd) and low-density lipoprotein
receptor-related protein receptors, not only helps repair in-
testine epithelial damage, but also induces hyperplasia of
normal epithelium. Wnt signaling may also be modulated with
the recently developed Wnt mimetics, recombinant antibody-
based molecules mimicking endogenous Wnts.

METHODS: We first compared the epithelial healing effects of
RSPO2 and a Wnt mimetic with broad Fzd specificity in an
acute dextran sulfate sodium mouse colitis model. Guided by
Fzd expression patterns in the colon epithelium, we also
examined the effects of Wnt mimetics with subfamily Fzd
specificities.

RESULTS: In the DSS model, Wnt mimetics repaired damaged
colon epithelium and reduced disease activity and inflamma-
tion and had no apparent effect on uninjured tissue. We
further identified that the FZD5/8 and LRP6 receptor–specific
Wnt mimetic, SZN-1326-p, was associated with the robust
repair effect. Through a range of approaches including single-
cell transcriptome analyses, we demonstrated that SZN-1326-p
directly impacted epithelial cells, driving transient expansion
of stem and progenitor cells, promoting differentiation of
epithelial cells, histologically restoring the damaged epithe-
lium, and secondarily to epithelial repair, reducing
inflammation.

CONCLUSIONS: It is feasible to design Wnt mimetics such
as SZN-1326-p that impact damaged intestine epithelium
specifically and restore its physiological functions, an
approach that holds promise for treating epithelial damage
in inflammatory bowel disease. (Cell Mol Gastroenterol
Hepatol 2022;14:435–464; https://doi.org/10.1016/
j.jcmgh.2022.05.003)
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nflammatory bowel disease (IBD) affects 8 million
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Abbreviations used in this paper: AltEntero, alternative enterocyte;
AltEnteroPC, alternative enterocyte progenitor cell; bGal, b-galactosidase;
DAI, Disease Activity Index; DSS, dextran sulfate sodium; FACS,
fluorescence-activated cell sorter; FBS, fetal bovine serum; FZD,
Frizzled; GFP, green fluorescent protein; GSEA, gene set enrichment
analysis; H&E, hematoxylin and eosin; IBD, inflammatory bowel dis-
ease; IgG, immunoglobulin; IL, interleukin; IP, intraperitoneally; LGR,
leucine-rich repeat-containing G protein–coupled receptor; LRP, li-
poprotein receptor-related protein; mRNA, messenger RNA; PBS,
phosphate-buffered saline; PBST, Triton X-100 in phosphate-buffered
saline; RSPO, R-spondin; RT-qPCR, quantitative reverse-transcription
polymerase chain reaction; SA, streptavidin; scRNA-seq, single-cell
RNA-sequencing; SNN, shared nearest neighbor; STF, Super TopFlash;
TA, transit amplifying; TNF-a, tumor necrosis factor a; UC, ulcerative
colitis.
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Ipatients globally. Disruption of the colon epithelial
barrier is a defining characteristic of IBD such as in ulcer-
ative colitis (UC), allowing the exposure of the luminal mi-
crobes to the intestinal stromal and immune cells, resulting
in inflammation and further damage to the epithelium,
creating a vicious cycle.2,3 Although histological remission is
arising as a new target for UC treatment,4 all available
treatments are anti-inflammatory agents that only indirectly
help heal the epithelium by reducing tissue inflammation,
and the rates of mucosal healing and histological remission
remain low.5–8

Wnts are secreted, lipid-modified glycoproteins that
function as key regulators of stem cells in many tissues.9,10

In the intestine, Wnt signaling plays an important role in
maintaining integrity of the epithelium under tissue ho-
meostasis and during injury repair. Canonical Wnt signaling
involves 2 receptors, Frizzled (FZD) and low-density lipo-
protein receptor-related protein (LRP). Binding of Wnt to
FZD and LRP triggers stabilization and translocation of b-
catenin into the nucleus, where b-catenin associates with T
cell factor or lymphoid enhancer factors to activate Wnt
target genes. The 10 FZDs (FZD1–10) are coexpressed in
different but overlapping sets across tissues, and there are
limited data on the specificity between Wnts and FZDs.11

Synthetic Wnt mimetics with different FZD subfamily
specificities have been explored and were shown to bear
b-catenin signaling inducing activities in vitro and
in vivo.12–18

Wnt signaling can be regulated by a family of secreted
factors, the R-spondins (RSPOs) (RSPO1–4), which enhance
Wnt signaling by binding to the cell surface leucine-rich
repeat-containing G protein–coupled receptor 4–6
(LGR4–6) and the 2 E3 ubiquitin ligases, RNF43 and ZNRF3.
This binding prevents E3 ligase–mediated ubiquitination of
the FZD and LRP receptors at the plasma membrane,
thereby enhancing the effect of endogenous Wnt ligands on
the cell.19–21 RSPOs also play an important role in intestine
epithelial biology where they were shown to enhance pro-
liferation of normal intestinal epithelium18,22,23 and facili-
tate injury repair in a dextran sulfate sodium (DSS) model.24

In this work, we first showed that Wnt mimetics
repaired the injured colon epithelium in a DSS colitis model,
reducing the Disease Activity Index (DAI) and histology
damage score with better efficacy than RSPO2 or the com-
bination of RSPO2 and Wnt mimetics. Consistent with pre-
vious reports, Wnt mimetics alone did not affect normal
epithelium, while RSPO2 caused hyperplasia. Next, guided
by profiling the expression of Fzds in normal and disease
conditions, we narrowed in on Fzd5 and showed that a
subfamily Fzd5,8-specific Wnt mimetic, SZN-1326-p, was
effective both in vitro in organoid culture and in vivo in
intestine injury repair. Using single-cell RNA-sequencing
(scRNA-seq), we demonstrated that in the mouse DSS
model, SZN-1326-p activated Wnt signaling on colon
epithelial cells, including multiple stem and progenitor cells,
leading to transient proliferation followed by accelerated
epithelial differentiation and healing with a concomitant
reduction in inflammation. This effect was limited to the
injured region, with no impact on normal intestine tissue.
Our work suggests that SZN-1326-p could be a new thera-
peutic option for the treatment of UC.
Results
Treatment With Wnt Mimetics Rapidly Repaired
DSS-Damaged Colon Epithelium

DSS-induced colon colitis mouse models share important
disease features with human UC, including the disruption of
the intestinal epithelial barrier. We established an acute
severe DSS mouse model to study the impact of Wnt signal
activation on epithelial repair (Figure 1A). In this model,
mice were given 4% (w/v) DSS in the first 7 days to trigger
damage to the colon epithelium. Animals were then given
1% (w/v) DSS until takedown at day 10 to maintain the
damage and to minimize spontaneous repair of the
epithelium. Consistent with previously reported DSS
studies,25 damage by DSS to the colon epithelium was
visible by hematoxylin and eosin (H&E) stain at day 4 and
continued to progress to day 7 (compare Figure 1B–E).
RNAscope in situ analyses showed a reduction of
messenger RNA (mRNA) expression of Wnt target genes
Axin2, Lgr5, and Rnf43 (compare Figure 1F–H to 1L–N). The
mRNA expression of Wnt ligands Wnt2b and Wnt5a was
also reduced in the colon epithelium and the surrounding
mesenchymal cell layers, respectively (compare Figure 1I
and J to 1O and P). The mRNA expression of the predomi-
nant mouse intestinal RSPO, Rspo3, in the mesenchymal
cells underneath the colon crypts was not affected by DSS
(compare Figure 1K–Q).

In the established DSS model, we injected 2 doses of
R2M3-26, a Wnt mimetic targeting FZD1,2,5,7,8 and LRP6,
referred to as FA-L6 in Fowler et al,14 starting at day 4 when
DSS damage to the epithelium was already visible followed
by another dose at day 7, and evaluated its effect on
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Figure 1. Wnt mimetics alone repaired the damaged colon epithelium in an acute DSS colitis model. (A) A diagram
illustrating the acute DSS model used. DSS was included in drinking water at the indicated percentage. Wnt mimetics and
RSPO were dosed twice on day 4 and day 7 (yellow arrows) or daily starting on day 4. Animals were terminated on day 10.
(Animals were switched to plain drinking water on the last day for compliance with Institutional Animal Care and Use Com-
mittee protocol.) (B–D) H&E stain of transverse colon sections of normal colon and the damaged colon on day 4 and day 7.
(F–Q) RNAscope in situ showing expression of Axin2, Lgr5, Rnf43,Wnt2b,Wnt5a, and Rspo3 in normal and DSS colon tissues.
(R–Y) Representative H&E stain of transverse colon of the indicated treatment groups: (R) no DSS, (S) DSS with PBS, (T) with 2
treatments of 3 mg/kg anti-GFP, (U) with 2 treatments of 10 mg/kg R2M3-26, (V, W) with 2 or daily treatments of 3 mg/kg
RSPO2, and (X, Y) with 2 or daily treatments of 1 mg/kg RSPO2 þ 0.3 mg/kg R2M3-26 combo. (Z) Colon histology score of
acute DSS conditions after the indicated treatments. Statistical analysis was performed as described in the Methods with all
comparisons made to the anti-GFP group. Scale bars ¼ 200 mm.
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epithelial repair at day 10, a 6-day treatment. As shown in
Figure 1U, the R2M3-26–treated colon restored crypt ar-
chitecture with less tissue inflammation as compared with
phosphate-buffered saline (PBS) or anti-green fluorescent
protein (anti-GFP) immunoglobulin (IgG) control treatments
(Figure 1R–U). The histology score consistently showed that
R2M3-26 effectively repaired the DSS-damaged colon tissue,
reducing the colitis score from 4.75 to 2.0 (Figure 1Z).
Because RSPO was previously reported to ameliorate DSS-
induced colitis in mice,24 we also examined the effect of
RSPO2 in our DSS mouse model. RSPO2 was injected
intraperitoneally (IP) either twice weekly or daily starting
on day 4 of DSS treatment. While repair to the damaged
colon epithelium was observed with RSPO2 treatments, the
effect was less compared with the that of R2M3-26
(Figure 1V, W, and Z). Similarly, the combined treatment
of R2M3-26 and RSPO2, whether twice weekly or daily,
restored colon crypt architecture and improved the colon
histology but to a lesser extent than R2M3-26 alone
(Figure 1X–Z).

RSPO alone or combined treatment of RSPO and the Wnt
mimetic, 18R5-DKK1c, was shown to stimulate hyper-
proliferation of the small intestine stem cells and transit-
amplifying (TA) cells, leading to overgrowth of small
intestine crypt and villi length in normal mice.18 The effects
of the treatments on epithelial cell proliferation were
assessed by Ki67 immunohistochemistry in our DSS model.
At day 10, we also observed an expansion of Ki67



Figure 2. Wnt mimetics alone did not cause hyperproliferation in the damaged colon or in the small intestine. (A–H) Ki67
staining of duodenum sections of animals treated with (A) no DSS, (B) DSS with PBS injections, (C) DSS with 2 IP injections of
3 mg/kg anti-GFP, (D) DSS with 2 IP injections of 10 mg/kg R2M3-26, (E) DSS with 2 IP injections of 3 mg/kg RSPO2, (F) DSS
with daily IP injections of 3 mg/kg RSPO2, (G) DSS with 2 IP injections of 1 mg/kg RSPO2 þ 0.3 mg/kg R2M3-26 combo, and
(H) DSS with daily IP injections of 1 mg/kg RSPO2 þ 0.3 mg/kg R2M3-26 combo. (I–P) Ki67 staining of transverse colon
sections of animals treated with Ki67 staining of duodenum sections of animals treated with (I) no DSS, (J) DSS with PBS
injections, (K) DSS with 2 IP injections of 3 mg/kg anti-GFP, (L) DSS with 2 IP injections of 10 mg/kg R2M3-26, (M) DSS with 2
IP injections of 3 mg/kg RSPO2, (N) DSS with daily IP injections of 3 mg/kg RSPO2, (O) DSS with 2 IP injections of 1 mg/kg
RSPO2 þ 0.3 mg/kg R2M3-26 combo, and (P) DSS with daily IP injections of 1 mg/kg RSPO2 þ 0.3 mg/kg R2M3-26 combo.
Scale bars ¼ 100 mm.
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expression by RSPO2 treatments or by the combination
treatment of R2M3-26 and RSPO2 in the duodenum
(Figure 2E–H) and the colon (Figure 2M–P). However,
R2M3-26 alone did not lead to an expansion of Ki67, either
in the duodenum or in the colon epithelium at day 10 of the
DSS model (Figure 2D and L), consistent with a previous
study expressing Wnt agonists in uninjured animals.18

Therefore, Wnt agonist treatment alone was able to repair
the DSS-damaged colon epithelium without causing hyper-
proliferation of the intestinal epithelium.
SZN-1326-p, a Fzd5,8-Targeted Wnt Mimetic,
Stimulated Growth of Mouse Intestinal Organoids

Wnt agonists can be tailored to bind individual Fzd re-
ceptors or a subfamily of Fzd receptors to achieve better



Figure 3. The FZD family of receptors showed differential expression pattern in the small intestinal epithelium. (A–L)
expression of each of the 10 Fzd receptors Fzd1–10, Axin2 and Lgr5 in the normal duodenum was examined by RNAscope in
situ hybridization. (A’–L’) insets with zoom in view showing Fzd expression in the small intestinal crypts. Arrows in E’ indicate
intestinal stem cells. Scale bars ¼ 100 mm.
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tissue or cell-type specificity.12,16,17 RNAscope in situ ana-
lyses showed that, in the mouse small intestinal epithelium,
Fzd5 was expressed at the highest level, followed by Fzd1
and Fzd7 (Figure 3A–J). Fzd1 and Fzd7 are expressed pri-
marily near the crypt bottom where Lgr5 positive stem cells
reside (Figure 3L). Expression of Fzd5 was concentrated
near the crypt-villi border and in the crypt bottom columnar
stem cells in the duodenum overlapping with the strong
Axin2 positive domain, which was also positive for the stem
cell marker Lgr5 (Figure 3K). We then tested whether
stimulating Wnt signaling with a Wnt agonist that is specific
to the Fzd5 and Fzd8 subfamily (Figure 4A–C) or to the
Fzd1, Fzd2, and Fzd7 subfamily was sufficient to stimulate
epithelial cell proliferation in a mouse small intestinal
organoid culture. The subfamily specific Wnt mimetics are
active in vitro in the Super TopFlash (STF) assay
(Figure 4D). Mouse small intestinal organoids were treated
with the Porcupine inhibitor IWP2 to inhibit endogenous
Wnt ligand secretion in the cultured organoid. When these
organoids were subjected to no protein treatment
(Figure 5V) or were treated with a control anti-b-galacto-
sidase (bGal) IgG (Figure 5A–E), the organoids were not
maintained and quickly degenerated. In contrast, treatment
with R2M3-26, the Fzd1,2,5,7,8 pan-specific Wnt mimetic, at
a wide dose range was able to stimulate cell proliferation,
producing growing transparent sphere-shaped organoids
(Figure 5F–J). Both a Fzd5,8-specific Wnt mimetic, SZN-
1326-p, and a Fzd1,2,7-specific Wnt mimetic, 1RC07-26
(referred to as FB-L6 in Fowler et al),14 were able to stim-
ulate organoid proliferation and growth (Figure 5K–T). The
effects of the subfamily specific Wnt mimetics were com-
parable to the effect of the pan-specific agonist.
The Fzd5,8-Specific Wnt Mimetic, SZN-1326-p,
Was Efficacious in Repairing the DSS-Damaged
Colon Epithelium

In situ analysis demonstrated that the colon epithelium
had a Fzd expression pattern similar to the small intestine
(Figure 6A–J) and that Fzd5 was also expressed at the
highest level among all Fzds in the colon epithelium. This
differential expression of Fzds was maintained in the DSS
condition, albeit the expression of all Fzds was reduced by
DSS (Figure 6K–T). We next examined if the Fzd
subfamily–specific mimetics were able to repair the DSS-
damaged colon epithelium. In the DSS model, 2 doses of
control anti-GFP IgG treatment or Wnt mimetic treatment
were injected IP on days 4 and 7 and the animals were
sacrificed on day 10 for histology and serum analyses
(Figure 7A). In contrast to the severe tissue damage and
inflammation observed in the no protein treatment or the
anti-GFP-treated colon (Figure 7C and D), both SZN-1326-p



Figure 4. In vitro activity of Fzd5,8 subfamily–specific Wnt mimetic SZN-1326-p. (A) The binding affinity of the Fzd5,8
binder IgG of SZN-1326-p to its target Fzd5 CRD measured on Octet. equilibrium dissociation constant (KD) indicated on the
graph. (B) The binding affinity of the Fzd5,8 binder IgG of SZN-1326-p to its target Fzd8 CRD measured on Octet. KD indicated
on the graph. (C) The binding specificity of the Fzd5,8 binder IgG of SZN-1326-p to each of the 10 Fzd CRDs examined on
Octet. (D) The dose-dependent STF activities of SZN-1326-p, of the Fzd1,2,7-specific mimetic 1RC07-26 and of the
Fzd1,2,5,7,8 pan specific mimetic R2M3-26 in the presence of 20 nM RSPO2 measured in Huh-7 cells. RLU, relative lumi-
nescence units.
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(Fzd5,8) and 1RC07-26 (Fzd1,2,7) treatments resulted in
repair of the colon epithelium (Figure 7F and G). The effect
on colon histology from the 2 Fzd subfamily–specific Wnt
mimetics was comparable to that of the Fzd1,2,5,7,8 pan-
specific mimetic, R2M3-26 (Figure 7E). Similar to R2M3-
26 treatment, fecal score and DAI also improved with
SZN-1326-p and 1RC07-26 treatment (Figure 7H and I).
Improvement in fecal score and DAI was greater with SZN-
1326-p as compared with R2M3-26 or 1RC07-26. Consistent
with the DAI, the overall histology score of SZN-1326-
p–treated DSS colon was significantly improved and was
better than that of the 1RC07-26-treated colon (Figure 7J),
suggesting more efficacious colitis reduction and epithelial
repair from the Fzd5,8-specific Wnt mimetic, SZN-1326-p,
than the Fzd1,2,7-specific Wnt mimetic, 1RC07-26.

DSS-induced colitis damage causes luminal pathogen
infiltrate and tissue immune response, resulting in elevation
of serum cytokines. We then asked whether the colitis
reduction observed with the Wnt mimetics would be
accompanied by reduced serum cytokine levels. Indeed,
treatment with each of the 3 Wnt mimetics reduced the DSS-
induced serum levels of the proinflammatory cytokines,
tumor necrosis factor a (TNF-a), interleukin (IL)-6, and IL-8
(Figure 7K–M).

Efficacy of SZN-1326-p in the DSS model was further
tested with a dose-ranging study, where SZN-1326-p was
injected IP either once on day 4 at 1, 3, 10, and 30 mg/kg or
twice on day 4 and day 7 at 0.3, 1, 3, and 10 mg/kg. Sig-
nificant improvement of tissue histology, DAI and histology
scores were observed for all dose groups (Figures 8A–O and
7N–P). All dose groups also showed significant reduction in
serum and tissue levels of proinflammatory cytokines TNF-
a, IL-6, and IL-8 (Figure 8P–U).

DSS Injury Induced Expression of Inflammatory
Pathway Genes in the Epithelium

Our tissue-level analysis in the acute DSS model led to
several key questions. First, what cells responded first to
treatment by SZN-1326-p? Second, how did SZN-1326-p
impact differentiation of epithelial cells? Third, was the ef-
fect on reducing inflammatory cytokines directly on im-
mune cells or indirectly through restoration of the
epithelium? To address these questions, we applied scRNA-
seq to investigate the early transcriptome response of the
SZN-1326-p–treated colon in the acute DSS mouse model. As
in the previous studies, 4% (w/v) DSS was administered in
the water, and mice were injected IP on day 4 with 10 mg/
kg of either the anti-GFP control protein or SZN-1326-p.
Colon was collected for scRNA-seq at days 5 and 6, 24 and
48 hours postinjection, respectively (Figure 9A). After
filtering, our dataset contained 22,717 total cells. We
normalized and applied cluster analysis to the complete



Figure 5. The Fzd5,8-specific Wnt mimetic, SZN-1326-p, effectively promoted intestinal organoid growth. (A–T)
Representative mouse small intestinal organoids treated with a dose titration of the indicated Wnt mimetic with different Fzd
specificity. For each protein, organoids were treated with, from left to right, (A, F, K, P) 10 pM, (B, G, L, Q) 100 pM, (C, H, M, R)
1 nM, (D, I, N, S) 10 nM, or (E, J, O, T) 100 nM of the negative control anti-bGal or the indicated Wnt mimetic in the presence of
10 nM IWP2 in basal media. (U) Organoids grew in basal media. (V) Organoids treated with only 10 nM IWP2 in basal media.
Scale bars ¼ 100 mm.
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dataset to identify each lineage and group, subsequently
subdivided each lineage and group, and applied dimen-
sionality reduction and cluster analysis on the subset of cells
in each (Figure 9B–D). There were 3 major cell groups,
immune (4835 cells), mesenchyme and stroma (7509), and
the epithelium (10373) (Figure 9B–D).

We first assessed the effect of DSS injury by comparing
the DSS, anti-GFP condition with the uninjured condition.
DSS induced distinct cell types in each tissue layer or line-
age, and this was responsible for a large portion of the
lineage level differential gene expression. In the immune
lineage, no cell types disappeared upon injury. Rather, by
day 5 of DSS treatment, several cell types appeared in the
damaged colon samples. In the stromal cells, DSS resulted in
the appearance of new populations of fibroblasts expressing
inflammatory cytokines and chemokines, consistent with
recent reports of proinflammatory fibroblasts in UC patients
and the DSS mouse model.26,27 For a detailed discussion of
the inflammation-associated impact of DSS on the stromal
and immune cells, please refer to the respective lineage and
layer cell annotations in the Materials and Methods,
Figure 10 and Supplementary Tables 1 and 2.

When we compared the epithelial lineage in the DSS-
damaged condition to the uninjured epithelium, inflamma-
tory pathways were enriched (Figure 11B), and several
cytokines and immune signaling molecules were enriched in
the epithelium upon DSS treatment (Supplementary
Table 3). A census of the cell types present on day 5
showed that DSS damage to the epithelium led to the
alteration of normal, differentiated absorptive cells. The
main enterocyte lineage in the uninjured state was
composed of 3 cell populations in our data from both time
points (immature enterocyte 1 and 2 and enterocyte)
(Figure 9C–F). However, in the DSS-injured epithelium,
there were cells with enterocyte gene expression signatures
that coexpressed genes associated with immune signaling.
This was most obvious in 2 groups of cells, annotated as
alternative enterocytes (AltEnteros) and AltEntero



Figure 6. The FZD family of receptors were expressed at different levels in the colon. (A-J) colon expression of the 10 Fzd
receptors in naïve mice was examined by RNAscope in situ hybridization. (K–T) colon expression of the 10 Fzd receptors in
mice treated with 7 days of 4% DSS. Scale bars ¼ 100 mm.
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progenitor cells (AltEnteroPCs). These 2 populations are
almost exclusively derived from DSS-treated animals
(Figure 9E and 9F). Owing to the expression of genes such
as Ly6a, Ly6c1, Zbp1, and Ifit2, these cells appeared to have a
gene expression profile similar to the inflammatory
signaling observed in fetal-like stem cells (Figure 11A).28,29

By gene set enrichment analysis (GSEA), these cells showed
strong enrichment for inflammatory signaling, such as
Interferon Gamma and TNFa-mediated nuclear factor kappa
B signaling (Figure 11C and D). The AltEnteros and AltEn-
teroPCs appeared to be de-differentiating enterocytes,
coexpressing mature enterocyte genes such as Krt20 with
high levels of inflammatory and fetal-like stem cell genes
such as Ly6a and Ly6c1, a phenomenon specific to the injury
condition (Figure 11E). We confirmed the expression of
Ly6a in the Krt20 expressing cells by RNA in situ hybridi-
zation, where they were coexpressed in the apical region of
the crypt (Figure 11F), and we detected a higher percentage
of LY6A expressing epithelial cells by fluorescence-activated
cell sorting (FACS) upon DSS treatment (Figure 11G). The
AltEnteroPCs had begun to initiate the cell cycle
(Figure 11A), suggesting that at least some of these cells
were injury-induced progenitors derived from enterocytes.
Additionally, injury condition cells that clustered in the stem
cell and TA1 and TA2 groups also showed elevated
expression of immune genes such as Ly6a (Figure 11E),
suggesting that even though they were similar to the
uninjured stem and progenitor cells, they were altered to
some degree by the injury. In sum, DSS damage leads to
injury-specific, inflammatory epithelial cell states that
include progenitors.
SZN-1326-p Promoted Wnt Target and Cell
Cycle Gene Expression and Expanded the PC
Populations in the Epithelium Immediately
Following Dosing

The direct effect of SZN-1326-p was predominately on
the epithelium. At a global level, at 24 hours after dosing,
SZN-1326-p led to the differential expression of over 400
genes in the epithelium but almost no significant effect on
the immune and stromal cells (Figures 10A and 12A). SZN-
1326-p increased expression of a wide range of Wnt target
and cell cycle genes in the epithelium, both by increasing
expression levels and by expanding the percentage of cells
expressing the genes (Figures 12B and C and 13B and C;
Supplementary Tables 4 and 5). GSEA on the epithelium
comparing SZN-1326-p to anti-GFP treatment showed that
the cell cycle, telomere maintenance, the Wnt target Myc
pathway, mammalian target of rapamycin complex
signaling, and the unfolded protein response stress
response were strongly upregulated in the epithelium by
SZN-1326-p (Figure 12D; Supplementary Table 6).



Figure 7. Fzd5,8-specific SZN-1326-p repaired DSS damaged colon and improved DAI and inflammation. (A) Diagram
illustrating the acute DSS study design. (B–G) H&E stain of transverse colon sections of animals treated (B) with no DSS or (C)
with DSS with PBS, (D) with anti-GFP, (E) with 2 doses of 10 mg/kg R2M3-26, (F) with 2 doses of 10 mg/kg SZN-1326-p, and
(G) with 2 doses of 3 mg/kg 1RC07-26. Scale bar ¼ 200 mm. (H) Daily animal fecal score of each treatment group. (I) Disease
activity (DAI) progression for each treatment group. (J) Composite histology score reading by an independent pathologist, on
colon samples harvested at termination. (K–M) Effect of Wnt mimetics on serum level of proinflammatory cytokines, (K) TNF-a,
(L) IL-6, (M) IL-8. (N-P) Effect of a wide dose range of SZN-1326-p, both as a single dose (N) or as twice weekly doses (O), on
DAI and colon histology score (P). Statistical analysis was performed as described in the Materials and Methods with all
comparisons made with the anti-GFP group.
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Figure 8. The Fzd5,8-
specific mimetic, SZN-
1326-p, showed dose
response efficacy in the
acute DSS model. (A–J)
H&E stain of cross sec-
tions of transverse colon of
animals treated with (A) no
DSS, (B) DSS þ anti-GFP,
(C) DSS þ 1 dose of
1mpk SZN-1326-p, (D)
DSS þ 1 doses of 3 mpk
SZN-1326-p, (E) DSS þ 1
dose of 10 mpk SZN-1326-
p, (F) DSS þ 1 dose of 30
mpk SZN-1326-p, (G)
DSS þ 2 doses of 0.3 mpk
SZN-1326-p, (H) DSS þ 2
doses of 1mpk SZN-1326-
p, (I) DSS þ 2 doses of 3
mpk SZN-1326-p, and (J)
DSS þ 2 doses of 10 mpk
SZN-1326-p. (K–N) Histol-
ogy score reading of the 5
indicated parameters by an
independent pathologist,
on colon samples har-
vested at termination on
day 10. (P–R) Serum levels
of proinflammatory cyto-
kines TNF-a, IL-6, and IL-8
measured in the SZN-
1326-p dose response
study. (S-U) Colon tissue
cytokine levels of TNF-a,
IL-6, and IL-8 measured in
the SZN-1326-p dose
response study.
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Although effects of SZN-1326-p were observed on the
stromal and immune cells, both the total number of genes
(Figure 10A) and the number of reported intestine-specific
Wnt target genes30 that were affected relative to the anti-
GFP treatment was notably lower (Figure 13A). Impor-
tantly, we did not detect Axin2 enrichment at either the
lineage or cell type level in any stromal or immune cells
(Supplementary Tables 2). Furthermore, there were very
few, if any, pathways significantly enriched in the stromal or
immune cells by GSEA when we compared SZN-1326-p with
anti-GFP treatment (Supplementary Table 6), again con-
firming that the predominant, direct impact of SZN-1326-p
was on the epithelium at 24 hours after dosing. Although
we did not see a major impact of SZN-1326-p on the stromal
or immune cells at day 5 or even at day 6, there was a
reduction in immune cells and cytokine levels over time that



2022 Fzd-Specific Wnt Mimetic Repaired Colon Epithelium 445
was detectable by day 10 (Figures 7K–M and 13F), likely
secondary to the direct impact of SZN-1326-p on the
epithelium.

The predominant cell types impacted by SZN-1326-p
were the progenitor and precursor populations, including
the injury-induced, AltEntero cell types. Differential
expression analysis revealed a significant increase in Wnt
target genes in several distinct cell types (eg, TA2, AltEn-
teroPC, AltEnteros, enterocyte precursors) (Figure 12E;
Supplementary Table 4). SZN-1326-p also significantly
increased expression of many cell cycle genes in multiple
cell types in the epithelium (Supplementary Table 5),
especially the TA2 and injury-specific progenitors (AltEn-
teroPC) (Figure 12F). We validated the increase in Wnt
target gene expression, detecting an expansion of Axin2 and
Cdkn3 expression in the colon crypts of the SZN-1326-
p–treated samples (Figure 12G). Furthermore, the TA1
and TA2 progenitor cells had the highest expression of
genes associated with cell cycle (Figure 11A), and there was
an expanded contribution of the SZN-1326-p–treated sam-
ples in these groups at 24 hours after treatment (Figure 9E),
consistent with expansion of the progenitors early after
dosing. We validated the increase in cell cycle gene
expression by quantitative reverse transcription-
polymerase chain reaction (RT-qPCR) on colon samples
(Figure 13D). Furthermore, immunohistochemistry for Ki67
detected a robust increase in the number of proliferative
cells in the colonic epithelium upon SZN-1326-p treatment
when compared with the anti-GFP treatment group by 48
hours after dosing (Figure 12H).

In addition to increasing expression of genes directly
involved in the cell cycle, SZN-1326-p also increased
expression of several stem or progenitor cell genes such as
Lrig1,31 Hmga2,32 Hes1,33 and Nhp2 (Figures 12B and C and
13D; Supplementary Table 3).34 In summary, immediately
after dosing, SZN-1326-p increased Wnt target and cell cycle
gene expression in multiple epithelial cell types, predomi-
nantly in the different subtypes of stem and progenitor cells
including the injury-induced, AltEntero cell types, leading to
an expansion of the progenitor pool.
SZN-1326-p–Treated Epithelial Cells
Differentiated More Quickly After Proliferation

Time-stamping allowed us to detect where the day 6
(48-hour) cells were enriched relative to the day 5 (24-
hour) cells for all 3 treatment conditions: uninjured,
injured or anti-GFP, and injured or SZN-1326-p. The day 5
and day 6 uninjured cells were approximately equally rep-
resented in all clusters as expected (Figures 9C–F and 14A
and B). However, we noticed apparent differences in the cell
types that were preferentially enriched for the SZN-1326-p–
or anti-GFP–treated day 5 and day 6 injured samples. For
the anti-GFP samples, there were more cells in the AltEntero
groups (AltEntero2, AltEntero3) and the TA1 groups at day
5 relative to the day 6 time point, and there were about
equal percentages of cells in the AltEnteroPCs at both time
points. In the SZN-1326-p samples, there were more TA1
and TA2 cells at day 5 relative to day 6, and a higher
percentage of stem cells at day 6 relative to day 5. Impor-
tantly, there was a substantial enrichment of SZN-1326-
p–treated cells in the enterocyte precursors at day 6
relative to the anti-GFP–treated samples. These together
suggested that the SZN-1326-p–treated cells appeared
accelerated in differentiating toward enterocytes by day 6.

To complement our timestamp-based observations, we
employed the lineage trajectory inference tool, slingshot.
Because we had evidence that some enterocytes were de-
differentiating upon DSS injury, we removed the apparent
de-differentiating or altered state enterocyte clusters and
applied slingshot to the cell clusters that include at least 5%
of cells from the uninjured condition. We set the combined
stem cell and TA2 cells as the starting point (Figure 14A and
C), and slingshot predicted that from the initial starting
group, cells would progress toward TA1, goblet, tufted, and
enteroendocrine in one direction and toward the enter-
ocytes in the other (Figure 14D). Based on the predicted
lineage trajectory pseudotime values, there was a higher
percentage of SZN-1326-p–treated samples that were
further along in the enterocyte lineage trajectory by day 6
(48 hours) relative to the control-treated cells (Figure 14E),
consistent with the actual previous timestamping data. The
ultimate validation of improved differentiation was that
expression of markers of the differentiated cell types,
enterocytes, goblet cells, enteroendocrine and tuft cells,
resembled that of uninjured colon in the SZN-1326-p
treatment group relative to the anti-GFP control group on
day 10 (6-days after SZN-1326-p treatment) (Figure 14F–I).

SZN-1326-p Treatment Led to Epithelial Barrier
Marker Restoration

In our studies looking at day 10 after injury, we
observed that SZN-1326-p treatment led to repair of the
epithelium at a histological level (Figure 7). There was an
increase in mucin and barrier-associated gene expression in
the SZN-1326-p–treated samples relative to anti-GFP in a
few stem and progenitor cell types (Figure 15A). When we
assessed expression of the tight junction marker, TJP1
(ZO1), its expression was restored in the SZN-1326-
p–treated colon at day 10 (Figure 15B), consistent with
re-establishment of tight junctions and reduced tissue
inflammation (Figure 8S–U).

Discussion
Mucosal healing is a key unmet need in current IBD

treatment. Physiological Wnt signaling is fundamental to
intestine epithelial homeostasis and renewal. Therefore,
modulation of Wnt signaling might present an opportunity
to help IBD patients achieve histological remission and the
ultimate goal of mucosal healing. We reported recently the
creation of synthetic Wnt mimetics with druglike properties,
particularly in the form of recombinant, bispecific anti-
bodies that bring together Fzd and Lrp to stimulate
signaling, mimicking endogenous Wnt ligands.14,35 In this
work, we showed that treatment with Wnt mimetics alone is
capable of repairing damaged intestine epithelium in a se-
vere UC disease model. Importantly, unlike RSPO, the Wnt
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mimetics did not induce hyperplasia of normal intestine
epithelium. We narrowed down this robust efficacy in the
intestine to Fzd5,8- and Lrp6-specific Wnt mimetics, SZN-
1326-p. SZN-1326, a clinical candidate molecule derived
from SZN-1326-p, is equally efficacious in the DSS model
(Surrozen, 2020, unpublished data).

In the intestine, Wnt signaling is most active in the basal
half of the epithelium, affecting stem cell renewal,
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promoting progenitor proliferation, and guiding epithelial
cells through the TA stages where lineage commitment and
differentiation initiates.36 However, FZD receptors are
differentially expressed at various levels in unique patterns
across tissues, and the functional relevance of receptor-
specific signaling remains unclear, even in the intestine
epithelium where Wnt biology has been extensively inves-
tigated. For example, when protein antagonists against
different Fzd subclasses were added to intestinal organoids,
it was suggested that the Fzd7 subclass (Fzd1,2,7) was
essential in maintaining intestinal stem/progenitor cells in
organoids,37 consistent with an earlier study that showed by
genetic ablation the predominant role of Fzd7 in intestinal
stem cell maintenance and epithelial homeostasis.38 Alter-
natively, a conditional loss of Fzd5 suggested its require-
ment for Paneth cell maturation in the small intestine.39

Recently, however, Fzd5,8-specific Wnt agonism with Wnt
mimetics constructed by different designs was argued to be
sufficient to drive proliferation of intestinal organoids,12,17

and when combined with RSPO, to expand crypts in the
uninjured small intestine.16 Throughout the intestine,
including the colon, we found Fzd5 to be highly enriched in
and fairly specific to the epithelium, including after injury.
Furthermore, in an intestinal organoid proliferation assay,
the Fzd5,8-specific Wnt mimetic, SZN-1326-p, showed
equivalent or stronger activity compared with the pan
Fzd1,2,7,5,8-specific or Fzd1,2,7-specific Wnt mimetics. The
differences in these seemingly contradictory findings on the
roles of Fzd5/8 vs Fzd1,2,7 not only may lie in the different
approaches used in the studies, but also suggest there may
be redundancy in the function or capability of Fzd5 and Fzd7
during uninjured tissue homeostasis. Importantly, the much
higher level of Fzd5 expression in the epithelium coupled
with the potent activity of a Fzd5,8-specific Wnt mimetic in
organoids renders it a more appealing target for Wnt re-
ceptor agonism as a therapeutic option for intestinal
damage.

The Fzd5,8-specific SZN-1326-p treatment resulted in
rapid healing of the mucosa, improving tissue histology and
disease activity in a few days with a concomitant reduction
in inflammation and colitis symptoms. We investigated the
mechanism of action of SZN-1326-p in this injury model and
found that SZN-1326-p predominately impacted the
epithelium shortly after dosing. Wnt target genes such as
Axin2 were only increased in the epithelium at 24 hours
posttreatment, suggesting that utilizing FZD receptor spec-
ificity is a viable option for directing tissue layer–specific
pathway activation. Coinciding with the induction of Wnt
Figure 9. (See previous page). scRNA-seq revealed a range o
were injury specific. (A) Experimental design of the scRNA-s
showing the 3 tissue layers radiating from the center. (C) t-SN
experimental condition of the cells. The legend in D applies to C
tissue layers or lineages. The top color bar refers to cell type; the
for experimental conditions also applies to E and F. (E) For the
from each experimental condition (indicated on the bottom) com
100% for that condition. (F) Barplots representing the compo
represents 100% of the cells in that cell type; the wider the
annotation of experimental conditions.
target genes, SZN-1326-p caused a robust increase in cell
cycle gene expression in a broad spectrum of progenitor
cells, whether normal stem or progenitors responding to
injury or in altered cell states consistent with de-
differentiation. These transcriptome changes manifested in
the transient expansion of the progenitor pool and accel-
erated differentiation into the proper secretory and
absorptive lineages of the colonic epithelium and re-
establishment of the epithelial barrier. Critically, this
direct impact on epithelial regeneration and barrier resto-
ration secondarily led to a reduction in inflammatory signals
and infiltrating immune cells.

The injury and damage context appears to set the stage
for epithelial progenitor expansion. In addition to impacting
developmental signaling pathways such as epidermal
growth factor and Notch (see Materials and Methods), injury
caused an inflammatory response in all tissue layers. In the
epithelium, interferon gamma and nuclear factor kappa B
pathways were active after injury, and recent work in other
stem cell niches has shown that inflammatory signaling can
facilitate the initial proliferative response to injury.40,41

Activation of the nuclear factor kappa B and Wnt path-
ways together may even promote the process of de-
differentiation toward progenitors in the intestine.42 In the
DSS model, Wnt signaling was drastically reduced in the
colonic epithelium, possibly resulting from a reduction in
expression of specific Wnts and an increase in several Wnt
antagonists. SZN-1326-p was able to overcome this Wnt
signaling deficiency and activate Wnt signaling in the
epithelium to synergize with these inflammatory signals to
enhance progenitor proliferation, albeit transiently.

Different from the effects of RSPO, which impacts both
the uninjured and damaged epithelium,18,23,24 targeted,
receptor-level Wnt signaling agonism with a Wnt mimetic
only promotes crypt proliferation in the damaged tissue
context. In the uninjured epithelium, while RSPO by itself
caused proliferation of intestinal stem cells, Wnt mimetics
only induced proliferation and expansion of intestinal crypts
when coupled with exogenous RSPO.16,18 We also observed
extensive proliferation in the small intestine and colon when
the Wnt mimetic SZN-1326-p was introduced together with
RSPO2 in our DSS model. Although we observed ameliora-
tion of DSS-induced colitis in mice by RSPO as previously
reported,24 we also observed hyperproliferation with RSPO
treatment in the DSS model. Our finding that a Wnt mimetic
by itself was able to induce expression of b-catenin target
genes, and proliferation of epithelial cells only in the injured
colon in the DSS colitis model is paramount.
f cell types across all tissue layers, including several that
eq experiment. (B) Plot of the first 2 principal components
E projections showing the annotated clusters (cell type), and
. (D) Log2 normalized UMI counts for all cell types across all 3
bottom bar denotes experimental condition. Color annotation
immune, stromal, and epithelial cells, the percentage of cells
prises each cluster (indicated on the left). The columns sum to
sition of each cell type by experimental condition: each bar
bar, the more cells comprise that cell type. See D for color



Figure 10. DSS damage
induced large-scale in-
flammatory responses,
including potential stro-
mal to immune cell
signaling. (A) The number
of genes that are signifi-
cantly differentially
expressed (false discovery
rate [FDR] < 0.05, log2FC
� |1|) in each tissue layer or
lineage by time point in 1 of
the 2 comparisons: DSS
damage (anti-GFP) vs un-
injured and SZN-1326-p/
DSS damage vs anti-GFP/
DSS damage. (B) The top
20 gene sets or pathways
identified by GSEA that
were enriched in the stro-
mal cells upon DSS treat-
ment compared with the
uninjured state at day 5. (C)
Volcano plots of the
differentially expressed
genes between the DSS-
damage and uninjured
conditions for the indicated
tissue lineage or layer and
time point. Genes that
display at least a 2-fold
change and have an FDR
of <0.05 are indicated in
red (increased) and blue
(decreased). Any gene with
an FDR lower than 10E-12
was floored at 10E-12. (D)
RNA in situ hybridization of
the chemokine Ccl8 and
the fibroblast marker
Pdgfra in the colon of un-
injured, and DSS/anti-GFP
samples at day 5. Scale
bar represents 100 mm. (E,
F) Cell-cell interaction plots
displaying the top 5% of
potential signaling in-
teractions between the cell
types represented in the
bottom half of the circle
with the target cell type
represented by the top half
of the circle. The arrows
represent the ligand to-
ward the receptor.
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Critically, Wnt pathway activation by SZN-1326-p did
not lead to crypt hyperproliferation or expansion. This
stands in stark contrast to not only RSPO treatment, but also
the effects of heritable, genetic mutants. When the negative
regulator Apc is genetically ablated or constitutively active
mutants of b-catenin are expressed, crypts proliferate in an
uncontrolled manner, failing to differentiate.36,43 However,
SZN-1326-p avoids these outcomes by mimicking endoge-
nous Wnt signaling and initiating pathway activation at the
receptor level, in contrast to the permanent genetic alter-
ations that circumvent negative feedback. By impacting the
pathway at the level of the receptor, SZN-1326-p allows
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negative feedback mechanisms to take effect. For example,
Axin2 itself is induced, contributing to the destruction
complex. Expression of the E3 ubiquitin ligase Rnf43, also a
Wnt target gene, is increased, and it promotes the removal
of FZD receptors from the cell surface. Furthermore, SZN-
1326-p increased expression of some inhibitors of cyclin
dependent kinases, potentially limiting proliferation.

Multiple lines of evidence suggested that Wnt mimetic
molecules have the desired properties for restoring
diseased intestine tissue back to normal physiology. First,
short treatment of Wnt mimetics (eg, SZN-1326-p) induced
rapid restoration of epithelial tissue: in a severe DSS model,
a single injection of SZN-1326-p at various doses restored
normal histology of the damaged colon epithelium within 6
days of treatment. Secondary to the epithelial healing, SZN-
1326-p reduced inflammatory cytokines and DAI, indicating
elimination of the vicious cycle of barrier breach, microbial
pathogen invasion, tissue inflammation, and damage. SZN-
1326-p restored Wnt signals and the stem cell niche in
damaged colon tissue, without additional effects on the
crypts after repair. Last, Wnt mimetics alone do not have
effects on normal intestine epithelium while RSPO induced
hyperplasia. Therefore, we developed a Fzd5,8- and Lrp6-
specific Wnt activator with optimal tissue repair and phys-
iological activities, and molecules like SZN-1326-p hold
great promise for directly improving histological remission
for better long-term outcome in UC.

Materials and Methods
Critical regents used in the study are listed in Table 1.

Animal Husbandry
Mice were obtained from the Jackson Laboratory (Bar

Harbor, ME). All animal experimentation was in accordance
with the Guide for the Care and Use of Laboratory Animals
prepared by the National Academy of Sciences. Protocols for
animal experimentation were approved by the Surrozen
Institutional Animal Care and Use Committee. Seven-week-
old C57Bl/6J female mice were acclimatized 4–5 per cage
a minimum of 2 days prior to the experiment. Mice were
kept 12-hour light–dark cycle in a 30%–70% humidity
environment and room temperature ranging from 20�C to
26�C.

DSS-Induced Acute Colitis
Seven- to 8-week-old female C57BL6/J mice were fed

with 4% (w/v) DSS (MP Biomedicals, Irvine, CA; #160110)
in drinking water from day 1 to day 7 to induce colitis and
were switched to 1% DSS from day 8. Proteins were injected
IP once on day 4, twice on day 4 and 7, or daily on days 4–9.
Animals were terminated on day 10, allowing a 6-day course
of protein treatment, and the colon was harvested for his-
tology and RT-qPCR. In one of the studies, DSS induced
mouse body weight loss for animals treated with anti-GFP
was nearly 25% on day 9, so animals were switched to
drinking water with no DSS for compliance with Institu-
tional Animal Care and Use Committee rules (Figure 1A).
DAI was calculated based on the average score of weight
loss, stool consistency, and degree of intestinal bleeding.44

Scoring system by grading was on a scale of 0–4 using the
following parameters: loss of body weight (0 ¼ 0%–1%; 1 ¼
1%–6%; 2 ¼ 6%–12%; 3 ¼ 12%–18%; 4 ¼ >18%), stool
consistency (0 ¼ normal; 1 ¼ soft but still formed; 2 ¼ soft;
3 ¼ very soft, wet; 4 ¼ watery diarrhea) and intestinal
bleeding (0–1 ¼ negative hemoccult; 2 ¼ positive hemoc-
cult; 3 ¼ blood traces in stool visible; 4 ¼ gross rectal
bleeding). Statistical significance was determined by 1-way
analysis of variance, Holm-Sidak test (GraphPad Prism
Version 9.3.1; GraphPad Software, San Diego, CA) in all the
plots. All comparisons were made with the anti-GFP group.
Error bars indicate mean ± SD. In the figures, *P < .05,
**P < .01, ***P < .001, and ****P < .0001.
Tissue Histology. Small intestine and colon were extrac-
ted and, after removing fecal content, weighted and their
length measured. The desired small intestine segments
(duodenum, jejunum, ileum) and colon segments
(ascending, transverse, and descending colon) were cut out
and fixed directly in 10% neutral buffered formalin over-
night. Tissues were then transferred to 70% ethanol before
paraffin embedding. Paraffin tissue blocks were then
sectioned to 5-mM thickness and stained with H&E for his-
tology analysis. Pathology reading was performed by an
independent pathologist, who was blinded to the treatment
groups. Briefly, 2–3 sections were obtained from each
segment of the colon and evaluated after H&E stain. Grading
was done on a scale of 0 (normal) to 4 (most severe lesion)
with the following 5 parameters: inflammation severity
(presence of mixed leukocytes [ie, macrophages, neutro-
phils, mononuclear cells, lymphocytes]), inflammation
extent (location of inflammatory cell infiltrate extending
from the mucosa to the serosa), mucosa erosion (alteration
of mucosal architecture), crypt proliferation (presence of
crypt epithelial cell proliferation in mucosa adjacent to
areas of injury [eg, erosion/ulceration]), and goblet cell loss
(decrease in relative number of goblet cells as compared
with normal). The overall histopathological scores were
determined by averaging scores of the 5 parameters listed
previously.
Immunohistochemistry and Indirect Immuno-
fluorescence. Slides with 5-mM-thick formalin fixed
paraffin embedded tissue sections were deparaffinized fol-
lowed by citrate buffer (pH 6) antigen retrieval in a steamer.
Slides were then washed thoroughly in tap water followed
by 1� wash in 0.1% Triton X-100 in PBS (PBST). Subse-
quently, tissue sections were blocked with serum free pro-
tein block (Agilent, Santa Clara, CA; X090930-2) for 1 hour
at room temperature before incubation in primary anti-
bodies. Tissue sections were then washed in PBST at least 3
times followed by incubation in secondary antibody. After-
wards, tissue sections were washed with PBST and mounted
with Vectashield Vibrance antifade mounting medium with
DAPI (H-1800; Vector Laboratories, Burlingame, CA).
RNA In Situ Hybridization. Expression of mRNA was
detected by RNAscope in situ hybridization (ACD Bio,
Newark, CA). RNAscope probes used are listed in Table 1.
For colorimetric visualization, standard RNAscope 2.5 HD
Assay-Red protocol (ACD Bio; Document #322360) was
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followed, and images were acquired on a Leica DMi8 mi-
croscope equipped with a DFC7000T camera (Leica, Wet-
zlar, Germany). For fluorescent RNAscope in situ
hybridization, standard RNAscope Multiplex Fluorescent
Reagent Kit v2 Assay protocol was followed (ACD Bio;
Document #323100) and coupled with the TSA Plus Fluo-
rescein, Cyanine 3, or Cyanine 5 systems. Fluorescent im-
ages were acquired on a Leica Thunder imaging system.
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RNA Isolation and RT-qPCR. The MagMAX mirVana
(Thermo Fisher Scientific, Waltham, MA; A27828) Total
RNA Isolation Kit was used for RNA isolation on a King-
Fisher (Thermo Fisher Scientific) sample purification sys-
tem. Reverse transcription was done with the Applied
Biosystems High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific; 4368814), followed by qPCR us-
ing the TaqMan Fast Advanced Master Mix (Thermo Fisher
Scientific; 4444557).
Affinity Measurements. Binding kinetics of R2M13, the
Fzd binding portion of SZN-1326-p, Fab to each cysteine-
rich domain (CRD) of Fzd5,8 was determined by biolayer
interferometry using Octet Red 96 (Pall FortéBio, Fremont,
CA) instrument at 30�C, 1000 rpm with streptavidin (SA)
biosensors. Biotinylated CRDs of Fzds diluted to 25 nM in
the running buffer (PBS, 0.05% Tween 20, 0.5% bovine
serum albumin, pH 7.2) were captured to the SA biosensor
followed by dipping into wells containing the R2M13 Fab
protein at different concentrations in running buffer or into
running buffer only as a reference channel. Equilibrium
dissociation constant (KD) for each binder was calculated
based on fitting to a 1:1 binding model. Binding specificities
of R2M13 IgG to 10 Fzds were examined by the biolayer
interferometry assay. Biotinylated Fzd CRDs35 diluted to 50
nM in running buffer were captured to the SA biosensor
followed by dipping into wells containing R2M13 IgG at 200
nM in running buffer.
STF Assay. Signaling activity of the Wnt mimetics was
measured using the Huh7 human liver cells containing a
luciferase gene controlled by a Wnt-responsive promoter
(STF assay) following an established protocol.35

Organoid Culture and Proliferation Assay. Mouse
small intestinal organoids (STEMCELL Technologies, Van-
couver, British Columbia, Canada) were maintained in
mouse IntestiCult Organoid Growth Medium (STEMCELL
Technologies) and passaged once a week until the date of
assay. Assay for Wnt mimetic activity was performed
following the reported protocol.35 Each condition included
5–6 repeats. Media and treatments were changed once on
day 4 after plating. Images of the 3-dimensional cultured
organoids were acquired on day 7.
Fluorescence-Activated Cell Sorting. Mouse colon was
dissociated as described below and resuspended in FACS
buffer (Hank’s Balanced Salt Solution, 2% fetal bovine
serum [FBS], 10 mM HEPES, 1 mM sodium pyruvate, and
1% Pen-Strep or antibiotic/antimycotic solution). Prior to
FACS, cells were passed through a 40-mm filter, and DAPI
Figure 11. (See previous page). DSS injury induces specific
scaled Z scores for each gene across the aggregate of each c
cell type. (B) Selected top gene sets or pathways enriched in the
(C) Selected top gene sets enriched in the AltEnteros injuryiindu
in the epithelium. (D) The distribution of gene expression for the
normalized expression of Krt20 and Ly6a in the epithelial cells s
DSS injury conditions. (Top right) t-SNE plot colored by Ly6
normalized values showing coexpression of Krt20 and Ly6c1 i
lial cells colored by the expression of Ly6c1. (F) RNA in situ of the
FACS plots showing the degree of enrichment of EPCAM-posit
the uninjured condition (left) or upon 4 days of DSS damage (ri
was added to distinguish live/dead cells. Prior to target
antibody incubation, FcR blocking reagent (Miltenyi Biotec,
Bergisch Gladbach, Germany; 130-092-575) was added to
the samples and incubated for 10 minutes. To detect
epithelial LY6A-positive cells, samples were incubated with
fluorophore conjugated monoclonal antibodies to EPCAM
(Rat anti-EPCAM-Alexa-488) and LY6A (Rat anti-LY6A-
Alexa-647) for 20 minutes on ice followed by washing
with chilled FACS buffer. We used minus antibody controls
and an isotype control antibody to establish gates.
scRNA-seq: Tissue Dissociation, Cell Isolation, Library
Preparation, Sequencing. For the acute DSS model, mice
were treated with 4% DSS in their drinking water
throughout the duration of the experiment. DSS-treated
animals were dosed with 10-mg/kg SZN-1326-p or an
anti-GFP antibody on day 4 of the DSS treatment. On days 5
and 6, we collected cells from 2 uninjured mice and from 3
replicates each for anti-GFP– and SZN-1326-p–treated DSS
animal. Each animal was considered a replicate.

The transverse colon was isolated from each animal and
feces were removed. After a brief wash in cold PBS, the
colon was cut longitudinally, and the tissue was cut into 3-
to 4-mm-long fragments. Tissue fragments were incubated
in prewarmed (37�C) PBS with 5 mM EDTA in a shaker at
37�C at 150 rpm for 15 minutes. After 15 minutes, the tubes
containing the samples were vigorously shaken for 10 sec-
onds to release more epithelial cells. The epithelial cells
floating in suspension were removed to a new tube and
centrifuged at 200 rcf for 2 minutes.

The residual tissue containing the remaining epithelia
and stroma/lamina propria was then incubated in 8–12.5
mL of lamina propria dissociation buffer (AdvDMEM/F12
with 10 mM HEPES, 0.2% FBS, DNAse1 (80 U/mL), Liberase
(0.2 mg/mL), and 1% antibiotic/antimycotic) at 37�C for 30
minutes with horizontal shaking at 150 rpm. After pelleting,
the epithelial cells were resuspended in 1 mL of TrypLE
with DNase1, incubated at 37�C for 5 minutes, and then
triturated with a P1000 pipette for 30 seconds. After tritu-
ration, 10 mL of PBS plus 50 U/mL DNAse1 were added to
the epithelial cells, and they were centrifuged at 500 rcf,
4�C, and the supernatant was removed. Epithelial cells were
then washed 1 time in FACS buffer (Hank’s Balanced Salt
Solution, 2% FBS, 10 mM HEPES, 1 mM sodium pyruvate,
and 1% Pen-Strep or antibiotic/antimycotic solution) before
another round of centrifugation and final resuspension in
0.5 mL of FACS buffer. Following 30 minutes of dissociation
in LP dissociation buffer, the remaining tissue fragments
inflammatory cell types/states in the epithelium. (A) Row-
ell type in the epithelium. The color bar corresponds to the
epithelium at day 5 upon DSS damage determined by GSEA.

ced cell type at day 5 (24 hours) relative to the other cell types
2 indicated gene sets in the AltEnteros. (E) (top left) The log2-
howing coexpression of high levels of Ly6a with Krt20 in the
a expression in the epithelial cells. (Bottom left) The log2-
n the epithelial cells. (Bottom right) t-SNE plot of the epithe-
enterocyte marker, Krt20, and Ly6a. Scale bar ¼ 100 mm. (G)
ive, LY6A-positive cells (upper right quadrant of each plot) in
ght).
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and suspension were centrifuged at 500 rcf for 5 minutes.
Supernatant was removed down to 1 mL, and the sample
was triturated with a P1000 until the solution was homo-
geneous and all tissue fragments had dissociated. After
trituration, the sample was centrifuged at 500 rcf for 5
minutes at 4�C and washed in FACS buffer prior to resus-
pension in 1 mL of FACS buffer in preparation for FACS.

All cells were passed through a 40-mm filter prior to
FACS. DAPI was used to assess viability, and only DAPI-
negative cells were collected. Cells were collected from the
epithelial fraction and then from the epithelial/lamina
propria fraction and combined (1:5 ratio) and counted on a
hemocytometer prior to cell capture. Standard 10x Geno-
mics Chromium 30 v3 scRNA-seq reagents (PN1000075; 10x
Genomics, Pleasanton, CA) were used. Approximately
4000–4500 cells were loaded per channel. Cells from 1
animal replicate were captured per channel. Standard 10x
Genomics Chromium 30 v3 scRNA-seq RT, cDNA amplifica-
tion, and sequencing library preparation protocols were
followed. Multiplexed sequencing libraries were sequenced
on Illumina Nova Seq 6000 S1 lanes (Illumina, San Diego,
CA), averaging about 50,000 reads per cell.
scRNA-seq Analysis. Illumina read data was processed
using the 10x Genomics Cell Ranger (version 3.0.2) pipeline,
which runs the STAR aligner, on the mm10-3.0.0 version of
the mouse transcriptome. Demultiplexed UMI count data
was then assessed, and following exploratory data analysis,
low-quality cells and low-expression genes were removed in
part by using the R package scone (version 1.14.0) (R
Foundation for Statistical Computing, Vienna, Austria) and
dataset-specific filtering cutoffs: only cells with >1000 UMIs
and with �500 and �6500 genes and �60,000 UMIs were
retained to remove presumably empty droplets and limit
doublets. We filtered cells with a mitochondrial gene per-
centage more than 1 SD above the mean. We retained only
those genes expressed in the upper quartile of at least 3
cells, yielding 16,039 genes. UMI count data was normalized
using deconvolution scaling from the R package scran
(version 1.18.5).45 After normalization, we observed neither
batch-specific cell groups when assessed in reduced
dimension space nor strong correlations between quality
control metrics and gene expression principal components
within each lineage or tissue layer.

To the complete, filtered dataset, we applied a shared
nearest neighbor (SNN) graph–based clustering method46

by using the wrapper function (buildSNNGraph) from the
Figure 12. (See previous page). SZN-1326-p increased Wnt
progenitors in the epithelium. (A) Volcano plots of gene expre
anti-GFP treatment in the DSS damage model: the x-axis repres
the adjusted P value (FDR) from differential expression analysis.
and FDR <0.05 are indicated in blue (decreased) and red (increa
gene with an FDR lower than 10E-5 was floored at 10E-5. (B) Av
expression aggregated by experimental condition within the ep
progenitor gene expression; size and intensity represent the pe
level, respectively. (D) Selected top gene sets or pathways (from
anti-GFP treated DSS-injured epithelium. (E) Expression of the
Boxplots showing expression of the cell cycle genes, Ccnb1, Cd
SZN-1326-p treatment. (G) RNA in situ hybridization of 2 Wnt
DAPI. (H) Immunohistochemistry for the proliferative cell marker
R package scran (version 1.18.5) with k equal to 40 coupled
with the cluster_louvain function from the R package igraph
(version 1.2.6) to the first 10 principal components derived
from the top 2000 most variable genes across the dataset.
This allowed us to broadly group the cells and identify cell
types within the 3 tissue layers or lineages (immune, stro-
mal, epithelial). Based on the initial clustering, the data were
subsetted into 3 smaller datasets, and the cells within each
layer or lineage were clustered using the SNN graph–based
method and the walktrap algorithm implemented with the
cluster_walktrap function from the igraph package, applied
to the first 15 principal components derived from the top
2000 most variable genes within that subsetted layer or
lineage (immune, stromal, epithelial). Cell type or subtype
identities were determined using established marker genes
and published literature.

Within each layer or lineage dataset, differential gene
expression analysis was performed at the single cell level
for each cluster in one vs all and pairwise comparisons
within each layer or lineage by using wrapper functions
within the R package clusterExperiment (version 2.10.1)47 to
run edgeR (version 3.32.1).48,49 Differential gene expression
analysis between experimental conditions was performed
with the R package edgeR (version 3.32.1) on pseudobulk
samples following aggregation of single cells within bio-
logical replicate samples. This type of differential gene
expression analysis was implemented at the lineage level
and at the cell type or cluster level. Differential expression
comparisons were performed between experimental con-
ditions (DSS injury vs uninjured and within the DSS injury
samples for SZN-1326-p–treated vs anti-GFP–treated)
within each of the 3 layers or lineages (epithelial, stromal,
immune) and within individual cluster or cell types within
each lineage for each time point (24 or 48 hours). We
applied GSEA, also called pathway analysis, by implement-
ing the fry function from the R package limma (version
3.46.0).50 Gene sets were obtained from the Broad In-
stitute’s Molecular Signature Database (MSigDB) and
included Hallmark and curated (C2) gene sets of the KEGG,
Biocarta, PID, Reactome, ST, SIG, and SA types. We also
implemented the kegga function of the limma package,
which only uses KEGG pathways, and observed similar re-
sults. We applied GSEA pseudobulk samples aggregated by
replicate.

We applied cell-to-cell or intercellular network (con-
nectivity) analysis to the entire dataset. We went back to the
target and cell cycle gene expression and expanded the
ssion differences between the SZN-1326-p treatment and the
ents log2 expression, and the y-axis represents the -log10 of
Genes that show greater than absolute log2-fold change of 1
sed) in the indicated lineage or tissue layer and time point. Any
erage Z-scores of Wnt target, cell cycle, and progenitor gene
ithelial lineage. (C) Relevant Wnt target, cell cycle, and stem/
rcentage of cells with detectable expression and expression
GSEA) enriched in the SZN-1326-p treatment relative to the
Wnt target genes, Axin2 and Rnf43, in the AltEnteroPCs. (F)
ca8, Cdk1 and Rfc5, that were enriched in the TA2 cells upon
target genes, Axin2 and Cdkn3 at day 5; nuclei labeled with
Ki67 at day 6; nuclei labeled with DAPI. Scale bars ¼ 100 mm.



Figure 13. SZN-1326-p
predominately impacted
the epithelium by pro-
moting expression of Wnt
target and cell cycle
genes with a concomi-
tant reduction in inflam-
matory pathway
expression. (A) The num-
ber of significantly
enriched intestinal epithe-
lial organoid Wnt target
genes in the indicated co-
lon tissue layers or line-
ages. (B) Heatmap of
canonical cell cycle gene
expression in the epithe-
lium displaying average Z
scores for the genes. (C)
Gene expression dot plot
of canonical cell cycle
genes in the epithelium
across the 6 different
experimental conditions.
(D) RT-qPCR of bulk colon
samples in the DSS model
at the day 5 time point
except Gpx2, which is from
day 6. Unpaired, 2-tailed t
tests were applied with the
Holm multiple compari-
sons correction: *P < .05,
**P < .01, ***P ¼ .001. (F)
Selected top pathways
reduced (derived from
GSEA) in the epithelium
after SZN-1326-p treat-
ment relative to the anti-
GFP treatment in the DSS
model at 48 hours (day 6).
(G) Expression of S100A9
and CD45 at day 10 (6
days after treatment); 2
example images each from
the indicated treatment con-
dition. Scale bar ¼ 200 mm.
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full dataset and provided the more granular cluster/cell
type assignments. We applied the R packages, Single-
CellSignalR (version 1.2.0)51 and Connectome (version
1.0.1).52 With Connectome, for the paracrine signaling
reported in the paper between the stromal cells to immune
cells, we set the major fibroblasts cell types as the source
cells (CryptBaseFB1,2; InjuryFB1,2; CryptFB1,2) and the
receiving cells as either Neutrophil or InjuryMono2, and we
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selected the top 5 signaling vectors for each cell-cell com-
bination. Lineage trajectory inference was performed using
the R package slingshot (version 1.8.0).53

To ascertain the ability of SZN-1326-p to impact Wnt
target gene expression, we started with a Wnt signaling
target gene list,54 added additional genes with support from
the literature, and intersected this list with the differentially
expressed genes by tissue layer as presented in
Supplementary Table 4.
Epithelial Cell Annotation. We describe the cell type
annotation for the epithelial lineage subsequently. The
epithelial stem cell cluster was defined as such because they
had the highest expression of Ascl2 and Smoc2, and they
expressed Lgr5, Cd44, Notch1, Hopx, and Lrig1.31,55–58 There
were 2 clusters of progenitor cells defined by their high
expression of the cell cycle, indicating that they were
actively proliferating cells, and they also expressed Lgr5,
Cd44, Smoc2, and Hopx and lower levels of Ascl2.These 2
groups of cells were labeled as TA progenitor cells TA1 and
TA2. There is much overlap between the stem cell, TA1, and
TA2 groups, but we called TA1 and TA2 TA because of their
higher level of the cell cycle and lower percentage of Ascl2-
expressing cells. These 3 stem or progenitor cell groups
contained cells from all experimental conditions, but there
was clear heterogeneity, with some cells derived from
injured samples expressing higher levels of some of the
fetal-like immune signature genes, Ly6a and Ly6c1.

There were 2 groups of cells that were almost exclu-
sively derived from injured cells, and they expressed
relatively high levels of genes previously reported to be
expressed in injured or infected intestinal tissue and
associated with inflammatory signaling and a fetal-like
stem cell signature such as Ly6a and Ly6c1 (Figure 11A
and E).28,29 One of these groups of cells appeared to be
enterocytes that were expressing injury associated immune
and inflammatory signaling genes. These were labeled
AltEnteros. The other group was very similar, but these
cells were beginning to express cell cycle genes, suggesting
that they were de-differentiating into progenitors from
enterocytes, and these were labeled AltEnteroPCs. It is
important to note that a few of these cells do express high
levels of Clusterin, a gene shown to be expressed in a rare
subset of epithelial cells with functional stem cell proper-
ties,59 but the Ly6 genes show much higher enrichment in
these cells. At a minimum, this suggests that these injury-
induced cell types or states include these Clusterin-
positive cells. There were 2 other groups of enterocytes
(AltEntero2, AltEntero3) that were mainly populated by
cells from the injury condition, although there was a low
percentage of cells from the uninjured condition in these 2
groups. They expressed elevated levels of immune or in-
flammatory genes and appeared to be showing a damage
response. The AltEntero2 and AltEntero3 cells have lower
expression of immune signaling related genes relative to
the AltEnteros and AltEnteroPCs, suggesting that they may
be earlier in the process of initiating the immune signaling
gene expression. Our observation of coexpression neither
proves that these cells are de-differentiating enterocytes
nor rules out plasticity of other cell types, but it
demonstrates that there are cells with altered transcription
states upon injury.

There was a group of cells that expressed genes such as
Slc26a2, Slc26a3, Ces2a, Car1, and Muc3 that are enriched or
specific to the enterocytes, and these cells had only low-
level cell cycle gene expression. They were also closely
positioned (and thus similar) to immature enterocytes in
reduced dimension plots (Figures 9E and 10E), and we
labeled them as enterocyte precursors. Notably, these cells
express Hopx. They contained cells from all conditions but
were enriched for the 48-hour SZN-1326-p treatment. There
were 3 clusters of immature and mature enterocytes
(ImmEnterocyte1,2, enterocyte) that were populated with
cells almost exclusively from the uninjured cells
(Figure 11E), and they represent the normal enterocyte
lineage, expressing Slc26a2 and Slc26a3, with the mature
enterocytes having enriched expression of Krt20, Car4, and
Aqp8.

There were several goblet cell clusters, all expressing
goblet cell markers Atoh1, Spdef, and Muc2. One group
expressed Kit and Reg4 and relatively higher levels of the
transcription factor Spdef and the mucin gene Muc2. These
cells also had low-level cell cycle gene expression, and they
were labeled BasalGoblet. The fact that several of these cells
express low levels of the cell cycle may indicate that some of
them are progenitors or recently derived from progenitors.
These cells appear to be basal secretory cells reported to
express high levels of Kit and Reg4 and to reside at the crypt
base.60,61 These cells also show some enrichment for Hopx,
as the enterocyte precursors and unlike the 2 more differ-
entiated goblet clusters described next. There were 2 other
clusters of goblet cells that had relatively higher expression
of Dll4, Fcgbp, Clca1, Tff3, and Gal3st2c, and the relative
expression level of these genes distinguishes them: the
Goblet1 cluster had relatively lower levels of Spdef and
higher Fcgbp and Clca1 relative to the Goblet2 cells. All
goblet cell clusters had high expression of Muc2.

There were also tuft cells, which expressed high levels of
Trpm5, Nrgn, Dclk1, and Hck. We also identified enter-
oendocrine cells (enteroendocrine1,2), characterized by
expression of Tph1 and the chromogranin genes Chga and
Chgb. They also expressed Olfr78 and Piezo2, 2 genes
enriched in different colonic L cells.62 These clusters dis-
played a fair amount of heterogeneity, with cells expressing
varying levels of a range of small, secreted peptides,
including Gcg, Pyy, and Insl5. Based on a recent analysis of
enteroendocrine cells in proximal and distal colon by Neu-
rod1 lineage tracing,62 these 2 clusters likely represent a
heterogeneous mix of enterochromaffin and L cell subtypes.
Discriminating heterogeneity within these cells extracted
from the transverse colon is not the focus of this work but
could be worth future efforts.

Notch signaling was upregulated in the epithelium by the
DSS damage. When we applied GSEA pathway analysis to
the epithelium, 4 of the top 10 enriched pathways centered
on Notch signaling (Figure 11B). Stem and progenitor cells
in the epithelium expressed Notch1 and Hes1 (Figure 11A).
We detected an enrichment of Notch1 in the epithelium in
the DSS-injured condition relative to the uninjured controls
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(Supplementary Table 3) and an enrichment for Hes1
expression in the SZN-1326-p vs anti-GFP treatment groups.
Differential gene expression analysis between the stromal
clusters revealed enrichment of Dll1 expression in the 2
injury-induced fibroblasts, InjuryCryptFB1,2, and it was
enriched in the DSS condition cells within the CryptFB1
subtype (Supplementary Tables 1 and 2). The DSS treatment
impacted the expression of modulators of Wnt signaling in
the underlying fibroblasts. In normal, uninjured colon, the
crypt base fibroblasts (BaseCryptFB1, BaseCryptFB2)
expressed Rspo3 and lower levels of Rspo1.22 The injury-
induced InjuryCryptFB1,2 fibroblasts continue to express
Rspo3 and have elevated expression of Rspo1, consistent
with our RNA in situ hybridization for Rspo3 (Figure 1K and
Q) and a report of Rspo1-positive cells being involved in the
damage associated response in the intestine.63 In line with
these results, a recent study reported that Rspo3 expression
in the underlying stromal cells is necessary for the delayed
endogenous repair in the acute DSS model after cessation of
injury.64 At the lineage level, Wnt10b decreased and Wnt5a
increased upon DSS damage (Supplementary Table 3), and
Wnt2 andWnt10b showed a slight decrease in the cells from
the DSS-treatment condition in the BaseCryptFB2 cells
(Supplementary Table 2). In contrast, there was a robust
increase in expression of secreted Wnt antagonists in the
stromal cells. Sfrp1,2,5, Wif1, Dkk2, and Grem1 were all
significantly increased in the DSS condition relative to the
uninjured stroma (Supplementary Table 3). The injury-
induced fibroblasts (InjuryCryptFB1, FB2) and the DSS-
treated cells displayed relatively strong enrichment of
Sfrp1,2 and the DSS-treatment cells within the CryptFB1
fibroblasts showed enrichment for Wif1 and within the
BaseCryptFB2 for Sfrp1 (Supplementary Table 1 and 2). In
sum, our analysis predicts that DSS-induced changes in the
stroma could limit Wnt signaling in the epithelium, consis-
tent with the robust reduction in Axin2 expression in the
crypts observed by day 7 of DSS treatment by RNA in situ
analysis (Figure 1F and L). Likewise, in our scRNA-seq data,
we observed a reduction of Axin2 expression by day 5 of
DSS treatment (Supplementary Table 3; Figure 12B and C),
while the Fzd receptors (mainly Fzd5) were still expressed
in the epithelium.
Stromal Cell Annotation. Cluster analysis of the stromal
or mesenchymal cells identified 18 clusters, spanning a
range of fibroblasts and fibroblast-like cells, smooth muscle
cells, interstitial cells of Cajal, vascular and lymphatic
endothelial cells, pericytes, and glia. There were 2 major
classes of fibroblasts that are normally present in the colon
based on the contributions from the uninjured animals, all
of which were Col1a1, Dpt, Fbln1, Lum, and Pdgfra positive,
consistent with the broad fibroblast genes identified in Muhl
et al.65 One subset (BaseCryptFB1,2) matched the profile for
fibroblasts positioned at or near the base of the crypt,
having relatively lower Pdgfra expression and relatively
higher expression of Wnt2, Wnt2b, Rspo3, Grem1, Dcn, and
Col14a1, while expressing relatively lower levels of Wnt5a
and Bmp3, Bmp5, Bmp7 ligands.22,66 The BaseCryptFB1 cells
expressed higher levels of Adamdec1 and Bmp4, Bmp5,
Wnt4, and Wnt5b than the BaseCryptFB2 cells, and the
BaseCryptFB2 cells express higher levels of Col8a1, Lum,
and Il33 than the BaseCryptFB1 group. While expressed at a
low-level, the BaseCryptFB2 fibroblasts also express Wnt9a,
Wnt10b, andWnt11. Both BaseCryptFB1,2 express relatively
higher levels of Cd34, Thy1, and Sfrp1 than the CryptFB1,2
cells described subsequently, also consistent with the
BaseCryptFB1,2 cells being positioned near the base of the
epithelial crypts.63,66

The second major fibroblast subtype are the CryptFB1,2
cells. These appear to be fibroblasts positioned more
apically along the crypt, and they express higher levels of
Wnt5a, Bmp2, Bmp3, Bmp5, Bmp7, Fgf9, and Col4a5 relative
to the BaseCryptFB1,2 cells. More apical fibroblasts express
higher levels of Wnt5a and these Bmps.66 The CryptFB1,2
fibroblasts also express higher levels of F3 and Sox6,
recently reported to be expressed in fibroblasts in close
proximity to the epithelium,26 and they express relatively
high levels of Foxl1, a gene reported to mark subepithelial
telocytes or mesenchymal cells that provide at least some of
the critical Wnts that support the epithelial crypts.67,68

However, it should be noted that few genes are absolutely
specific to one fibroblast subtype. For example, the
CryptFB1,2 cells express relatively high levels of Foxl1, but
the BaseCryptFB1 also express some Foxl1. Furthermore,
the CryptFB1,2 fibroblasts, express higher levels of the
secreted Wnt antagonist, Wif1, and the secreted LRP re-
ceptor antagonist Dkk3 is expressed in all fibroblasts.

Interestingly, Gli1 expression has been associated with
fibroblasts that are essential for the Wnt-secreting niche,69

and we find Gli1 to be expressed at a low level in both the
BaseCryptFB1, 2 and CryptFB1,2 cells. Based on the neces-
sity of Gli1-expressing cells for secreting Wnts to maintain
the colonic stem cells,69 our data would suggest that these
conditional genetic studies have actually shown that a range
of crypt fibroblasts are important because the tools likely
label cells from multiple fibroblast types. We identified
another fibroblast-like cell type that we termed FB3. These
cells appear to be fibroblast-like cells that have been re-
ported to be embedded in smooth muscle cells near motor
neuron terminals and express the P2ry1 receptor and the
Kcnn3 channel.70,71 They also express Nog and high levels of
Lum, Dcn, and Fibin.

We identified a myofibroblast cell type, termed MyoFB,
that shows enrichment for Postn, Hhip, Mfap5, Tpm2, Acta2,
Tagln, Myl9, Myhll, Lmod1, Cnn1, Des, and Actg2. We also
identified a myofibroblast-like cell type that we termed
MuralLikeFB, based on recent findings from a cross-tissue
fibroblast comparison.65 These cells express many of the
genes enriched in the MyoFB, but they express higher levels
of smooth muscle associated genes such as Acta2, Tpm2,
Actg2, Cnn1, Sorbs2, and Des, and show more specific
enrichment for Igfbp2, Chrdl1, Npnt, and Ano1. They express
high levels of Rspo3, Grem1, and Grem2. Both the MyoFB and
MuralLikeFB cells express very low levels of Pdgfra and Dpt.
We identified a group of smooth muscle cells (Smooth-
Muscle) that express high levels of Tpm2, Acta2, Tagln, Myl9,
and Myh11 and relatively specific expression of Kcnab1,
Lrrc10b, and Pln. They also express Rgs4, Notch3, Jag1, and
Olfr558, similar to the 2 groups of vascular smooth muscle



Figure 14. SZN-1326-p
treatment caused accel-
erated differentiation and
improved barrier marker
expression in the DSS
model. (A–D) Uniform
manifold approximation
and projection (UMAP) of
the epithelial cells. (A)
UMAP of epithelial cells
colored by cluster or cell
type. (B) UMAP colored by
experimental condition. (C)
The lineage trajectory pre-
diction algorithm, sling-
shot, was applied to the
epithelial lineage. The stem
cell and TA2 cell types
were merged and set as
the starting cluster. (D) The
lineage trajectory indi-
cating a transition from the
stem cell or TA cells to the
enterocyte precursor
(EnteroPrecur) cells on the
way to the immature and
mature enterocytes (going
up) and from the stem cell
or TA cells down and
bifurcating either toward
tufted cells or goblet and
enteroendocrine cells. (E)
The number of cells at the
48-hour or day 6 time point
along the trajectory of the
enterocyte lineage in D.
The vertical dashed lines
represent the same posi-
tion along the axis in all 3
plots. (F–I) Staining of
differentiated cell type
markers: (F) VILLIN for
enterocytes, (G) Alcian
blue for goblet cells, (H)
CHGA for enteroendocrine
cells, and (I) DCLK for tuft
cells at day 10 in the acute
DSS injury model. Experi-
mental condition indicated
at the top. Scale bars ¼
100 mm.
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Figure 15. SZN-1326-p
increased barrier gene
expression and led to
barrier marker restora-
tion in the DSS injury
model. (A) Differential gene
expression values for
significantly enriched
mucin and barrier associ-
ated genes in the indicated
epithelial cell type,
comparing DSS/SZN-
1326-p with DSS/anti-GFP.
(B) Immunofluorescence
staining of the tight junc-
tion marker TJP1 (ZO-1)
(green) in transverse colon
samples of the indicated
treatment at day 10. Nuclei
were counterstained with
DAPI (blue). Scale bar ¼
100 mm.
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cells (VasSmMuscle1,2). The VascSmMuscle1,2 cells express
high levels of Pdgfrb, Dcn, and Des, but they express rela-
tively lower levels of Tpm2 and Acta2 relative to the
SmoothMuscle, MyoFB, and MuralLikeFB cells. The inter-
stitial cells of Cajal (ICCajal) express Kit, Ano1, Grem2, and
Rspo3, and they also display fairly specific expression of
Hand1 and Nog. The pericytes display relatively high
expression of Pdgfrb and Dcn, and weak expression of Des
and several myosin and actin genes. Like the SmoothMuscle
and VascSmMuscle1,2 cells, they express Olfr558, Rgs4, and
Notch3, and like the vascular endothelial cells (VascEndo),
they express Cd34, Fabp4, Pecam1, Sox17, Notch4, Cd93,
Egfl7, Jag2, Col13a1, and Cdh5. The lymphatic endothelial
cells (LymphEndo) express Pecam1, Egfl7, and Cdh5 as well
as Reln, Flt4, and Lyve1. Last, we identified 2 groups of glia
cells, labeled Gfap, S100b, Sox10, Sfrp5, and Kcna1.

The InjuryCryptFB1,2 cells are almost exclusively
populated by cells derived from DSS-injured animals. They
share characteristics of both the BaseCryptFB1,2 and the
CryptFB1,2 fibroblasts. For example, like the Base-
CryptFB1,2, they express relatively high levels of Dcn, Mgp,
Fbln1, and Sfrp1. Like the BaseCryptFB1 and the CryptFB1,2,
they express high levels of Adamdec1 and relatively higher
levels of Bmp4 and Bmp5. They also express Wnt2 and
Wnt2b at similar levels to BaseCryptFB1 cells, and they
express low levels of Wnt5a. As we will discuss subse-
quently, these show an enrichment for expression of many
inflammation-associated genes, for example, Cxcl13, Cxcl5,
and Ccl8.

The injury-associated fibroblast populations express
several genes that would be expected to impact epithelial
repair. They have a very similar gene expression profile as
the FB1 population, but they also express several of the
immune cell mediators and Sfrp1 and Grem1, suggesting
that the FB1 cells transition to the InjuryFB1 and InjuryFB2.
The injury-specific fibroblasts (InjuryFB1, InjuryFB2) ex-
press the Wnt signaling potentiator Rspo1, the antagonists
Sfrp1 and Grem1, and several Wnt molecules, consistent
with cells reported to be involved in damage associated
response.63 Importantly, Rspo3 expression in the InjuryFB1
and InjuryFB2 appears very similar to the level in the
CryptBaseFB1 population, consistent with our RNA in situ
hybridization results in Figure 1. DSS damage caused a
reduction in Wnt signaling in the epithelium. It has been
reported that prostaglandin E2 is required for canonical
Wnt signaling activity.72 However, there is an increase in
Ptgs2 (Cox2) expression in both the stroma and epithelium
upon DSS treatment, suggesting that prostaglandin E2 levels
do not underlie the reduction in Wnt signaling. The injury-
induced fibroblast subtypes (InjuryCryptFB1, Injur-
yCryptFB2) and the DSS-damaged condition fibroblasts
remaining in the CryptFB1 and CryptFB2 subtypes display
increased expression of the epidermal growth factor re-
ceptor signaling ligands Ereg and Nrg1 (Supplementary
Tables 2 and 3).

One or both of the InjuryCryptFB1,2 were enriched for
expression of Ccl2, Ccl4, Ccl7, Ccl8, Ccl11, Cxcl2, Cxcl5, Cxcl12,
Cxcl13, Cxcl14, Cxcl16, Ptgs2, and Saa3 (Supplementary
Table 1). These observations are consistent with recent
human scRNA-seq studies of human IBD samples that report
fibroblasts expressing chemokines and other inflammation
associated genes.26,27 While these 2 populations appeared
upon injury, the BaseCryptFB1 population was almost un-
detectable in the DSS samples. Even in some of the fibro-
blasts subtypes that included cells from all treatment
groups, DSS-induced damage caused a significant increase in
expression of a range of inflammatory and immune
response molecules relative to the uninjured cells of the



Table 1.Reagents and Resources

Reagent or Resource Source Identifier

ACD probes

RNAscope Probe—Mm-Axin2 ACD #400331

RNAscope Probe—Mm-Lgr5 ACD #312171

RNAscope Probe—Mm-Rnf43 ACD #400371

RNAscope Probe—Mm-Wnt2b ACD #405031

RNAscope Probe—Mm-Wnt5a ACD #316791

RNAscope Probe—Mm-RSPO3 ACD #402011

RNAscope Probe—Mm-Fzd1 ACD #404871

RNAscope Probe—Mm-Fzd2 ACD #404881

RNAscope Probe—Mm-Fzd3 ACD #404891

RNAscope Probe—Mm-Fzd4 ACD #404901

RNAscope Probe—Mm-Fzd5 ACD #404911

RNAscope Probe—Mm-Fzd6 ACD #404921

RNAscope Probe—Mm-Fzd7 ACD #404931

RNAscope Probe—Mm-Fzd8 ACD #404941

RNAscope Probe—Mm-Fzd9 ACD #404951

RNAscope Probe—Mm-Fzd10 ACD #315781

RNAscope Probe—Mm-Krt20 ACD #402301

RNAscope Probe—Mm-Ly6a ACD #427571

RNAscope Probe—Mm-Pdgfra ACD #480661

RNAscope Probe—Mm-Ccl8 ACD #546211

RNAscope Probe—Mm-Cdkn3 ACD #401701

Antibodies, enzymatic kits

Rabbit anti-Villin (SP145) Abcam ab130751

Rabbit anti-DCLK/DCAMKL1 (D2U3L) Cell Signaling Technology CST 62257

Rabbit anti-chromogranin A Abcam ab15160

Rabbit anti-ZO-1 (clone 1A12) Thermo Fisher Scientific 33-9100

Rabbit anti-Ki67 Abcam 15580

Rat anti-KI67 (clone SolA15) Thermo Fisher Scientific 14-5698-82

Rat anti-EPCAM-Alexa-488 (clone G8.8) BioLegend 118210

Rat anti-LY6A-Alexa-647 (clone E13-161.7) BioLegend 122518

Rat IgG2 Isotype control-Alexa-488 BioLegend 400525

FcR blocking Reagent Miltenyi Biotec 130-092-575

Donkey anti-rat IgG (H&L), highly cross-adsorbed secondary
antibody, Alexa Fluor 488

Thermo Fisher Scientific A-21208

Anti-Green Fluorescence Protein (Anti-GFP) human IgG Surrozen

hFc-RSPO2 Surrozen

R2M3-26, bi-specific appended human IgG effector-less format Surrozen

SZN-1326-p, bi-specific appended human IgG effector-less format
(parental molecule of a clinical candidate SZN-1326)

Surrozen

1RC07-26, bi-specific appended human IgG effector-less format Surrozen

RNAscope 2.5 HD Assay-Red ACD Bio

RNAscope Mulitplex Fluorescent Reagent Kit, v2 Assay ACD Bio

Zymo Direct-zol RNA Microprep Zymo R2062

MagMAX mirVana Total RNA Isolation Kit Thermo Fisher Scientific A27828

Applied Biosystems High-Capacity cDNA Reverse Transcription Kit Thermo Fisher Scientific 4368814

Applied Biosystems TaqMan Fast Advanced Master Mix Thermo Fisher Scientific 4444557

Chemicals, peptides, proteins

DMEM/F12 Thermo Fisher Scientific 12634-010

DAPI Thermo Fisher Scientific D1306

Fetal bovine serum Thermo Fisher Scientific 10438-026
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Table 1.Continued

Reagent or Resource Source Identifier

Liberase Sigma 05401127001

DNAse1 Sigma 04716728001

EDTA Sigma 03609

Phosphate-buffered saline Thermo Fisher Scientific 10010-023

HEPES Thermo Fisher Scientific J16924-AE

Sodium pyruvate Thermo Fisher Scientific 11360-070

Pen-Strep Thermo Fisher Scientific 15140-122

Antibiotic/antimycotic 100� Thermo Fisher Scientific 15240-062

Hank’s Balanced Salt Solution Thermo Fisher Scientific 14175-079

TrypLE Thermo Fisher Scientific 12604-013

Triton X-100 ACROS Organics 21568-2500

TSA Plus Cyanine 3 System Akoya Bioscience NEL744001KT

TSA Plus cyanine 5 System Akoya Bioscience NEL745001KT

Vectashield Vibrance antifade mounting medium with DAPI Vector Laboratories H-1800
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same subtype: in BaseCryptFB2 (Ccl2, Ccl7, Ccl8, Cxcl1, Cxcl2,
Cxcl5, Cxcl12, Cxcl13, Il6, Il11, Csf3, Lcn2, Ptgs2, Saa3) and in
CryptFB1 (Ccl2, Ccl7, Ccl8, Ccl11, Ccl12, Cxcl1, Cxcl2, Cxcl5,
Cxcl9, Cxcl10, Cxcl13, Il6, Il11, Csf3, Lcn2, Saa3).
(Supplementary Table 3). While the macrophages, mono-
cytes, and neutrophils expressed chemokines that would
recruit incoming neutrophils and monocytes,73 our data
provided evidence that the fibroblasts also contributed to
the recruitment of infiltrating immune cells to the damaged
colon. GSEA revealed that stromal cells enrichment for
pathways associated with modifying the extracellular matrix
and immune signaling (Figure 10B), and cell-cell interaction
network analysis detected many ligand-receptor pairs
potentially mediating paracrine signaling (both secreted and
extracellular matrix (ECM) based) between multiple fibro-
blast subpopulations and the infiltrating neutrophils and
monocytes (Figure 10E and F). We confirmed the increase in
expression of the chemokine Ccl8 in the stromal fibroblasts
by RNA in situ hybridization (Figure 10D), validating this
response in the fibroblasts adjacent to the crypts.
Immune Cell Annotation. Cluster analysis identified 11
immune cell types. We identified 2 groups of B cells, termed
Bcell1_IgM and Bcell2_IgM. These B cells were enriched for
cells from the DSS-injured animals and nearly absent from
the colon in the uninjured mice, and they had already
migrated to the tissue by day 5 and remained at day 6 of
DSS. Both show gene enrichment for Cd79a, Ebf1, Ms4a1,
Ighd, Cd19, Ccr7, and Ighm. These 2 groups of B cells are
very similar, and Bcell2_IgM has higher expression of Iglc2,
Iglc3, Vpreb3, Pax5, Pou2af1, and Mzb1 relative to Bcel-
l1_IgM. Our analysis revealed a very distinct plasma cell
population expressing Igha, and we termed these cells
Plasma_IgA. They express Cd28, Igkc, Iglc2, Iglv1, Igha, and
Mzb1, and they express lower levels of Cd79a relative to the
Bcell1,2_IgM cells.

There are 2 heterogeneous groups of T cells in our data.
Both express Cd3d, Cd3g, Cxcr6, Ctla4, Trbc1, Trbc2, and
Il2rb. The first group, TcellCD8_NK, contains Cd8a-positive T
cells and natural killer cells, and shows gene enrichment for
S100a4, Nkg7, Prf1, Ncr1, Ifng, Ccr2, Ccr5, and Ccl5. The
Tcell2 cells show an enrichment in some cells for Il22. We
identified 2 groups of dendritic cells, dendritic cells, labeled
Dendritic, and what appear to be activated dendritic cells,
labeled ActDendritic. Both show enrichment for Flt3, a
dendritic-specific marker,74 Ifitm1, S100a4, and Tnfrsf18.
The Dendritic cluster displays higher expression of Itgae,
Cd209a, and Lyz2, while the ActDendritic cells are enriched
for Cacnb3, Ccl5, Ccr7 and Fscn1. Cacnb3 is expressed in
stimulated dendritic cells,75 and Ccr7 is involved in their
homing and migration.76 There was 1 major macrophage
cluster in our data (Macrophage), characterized by expres-
sion of Csf1r, Cd68, and Adgre1. The macrophages expressed
relatively high levels of C1qa, C1qb, C1qc, Ms4a7, and Apoe.
The infiltration of monocytes in the DSS colitis model is
expected,73 and there were 2 populations of monocytes, and
both were strongly enriched with cells from the DSS-injured
animals. There were almost no uninjured cells in the
InjuryMono1 cells and only a few in the InjuryMono2 group.
Both populations of monocytes expressed Cd68, Adgre1,
Csf1r, Trem1, Il1b, Ccr2, and Ccr5. The InjuryMono1 showed
an enrichment for Trem1, Osm, S100a4, and Tgm2, and Vcan
relative to the InjuryMono2 cells, and they even showed
weak expression of genes that were robustly expressed by
the neutrophils (eg, S100a8, S100a9, and G0s2). The Injur-
yMono2 more closely resembled the macrophages, and they
expressed relatively higher levels of C1qa, C1qb, C1qc, and
Cd74 than the InjuryMono1 cells. Likewise, the arrival of
neutrophils has been well documented in the DSS model and
in patients, in which the degree of neutrophil infiltration
correlates with the severity of UC.77–79 Accordingly, the last
group of cells was a population of neutrophils (Neutrophil)
that is injury specific and expressed Csf3r and Cxcr2, 2 genes
involved in neutrophil differentiation and recruitment into
tissues, respectively.80,81 These cells expressed high levels
of proinflammatory genes such as S100a8, S100a9, Trem1,
Nlrp3, and Il1b. It was recently reported that inflammatory
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monocytes are present in UC and express high levels of Osm,
but they did not observe neutrophils in their data.27 In our
acute DSS model data, we see that the neutrophils express
equal or higher levels of proinflammatory genes than the
infiltrating monocytes, including Osm, Il1b, and Tnf
(Supplementary Table 1).
scRNA-seq Data Access. The scRNA-seq data reported in
this paper are available at GEO accession GSE201723.
Analysis scripts will be made available for noncommercial
use upon request.
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