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Inflammation rewires the enteric nervous system
through neurogenic monocyte recruitment
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Proper organization of the enteric nervous system (ENS) is critical for normal gastrointestinal (GI) physiology. Inflammatory
bowel disease (IBD) disrupts key Gl functions, including bowel motility. However, in many IBD patients, motility disorders
persist even during remission, suggesting an irreversible ENS defect secondary to IBD. Here, we show that postinflammatory
Gl motility dysfunction arises from structural remodeling of the ENS, driven by a combination of neuronal loss and
neurogenesis. During mucosal inflammation, enteric neurons upregulate CCL2 expression, facilitating the recruitment of
monocytes into the myenteric plexus within the intestinal muscle. Monocyte-derived macrophages infiltrate the myenteric
ganglia, contributing to excessive ENS remodeling and postinflammatory motility dysfunction. This neuroimmune axis is
counterbalanced by a hypoxia-induced stress response in enteric neurons mediated by HIF1a. Enhancing the neuron-intrinsic
hypoxia pathway limits ENS remodeling and preserves motility. In summary, this study presents a mechanistic model of
postinflammatory Gl motility dysfunction and proposes a therapeutic strategy to maintain ENS integrity and function during
inflammation.

Introduction

Inflammatory bowel disease (IBD), which includes Crohn’s
disease (CD) and ulcerative colitis (UC), is a progressive
inflammatory condition of the gastrointestinal (GI) tract of
noninfectious etiology. Significant progress has been made
in the treatment of active inflammation in patients with
IBD. However, many patients with IBD in remission de-
velop functional GI disorders including irritable bowel
syndrome (IBS), and present with a wide range of symp-
toms such as chronic abdominal pain and various GI mo-
tility dysfunctions (dysmotility) affecting both upper and
lower gut regions (Brierley and Linden, 2014; Keller et al.,
2009; Rezaie etal., 2018; Guetal., 2018; Ohman and Simren,

2010). Despite this, there is a lack of understanding of how
IBD permanently dysregulates key GI functions.

The GI tract performs vital physiological functions related to
food and water consumption. Its dense innervation by the cen-
tral and peripheral nervous systems allows it to carry out com-
plex physiological processes in a highly coordinated manner.
Most peripheral neurons that innervate the GI tract are em-
bedded in the gut wall, where they form the enteric nervous
system (ENS), the largest collection of neurons outside the
central nervous system (Furness, 2012). The vital physiological
GI functions (smooth muscle contractility, epithelial barrier
integrity, and blood flow) and some aspects of its mucosal
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immune response are tightly regulated by the ENS (Furness,
2012; Kulkarni et al., 2021). Of the several layers of the gut, the
intestinal mucosa is the most proximal to the lumen and is ex-
posed to various stressors, while the somas of enteric neurons
are positioned outside of the mucosa in two major plexuses,
submucosal and myenteric, with preferential control of the ep-
ithelial barrier and smooth muscle contractility, respectively
(Sharkey and Mawe, 2023). Significant advances have been
made in our understanding of mucosal immune responses in
IBD, but extra-mucosal cellular GI compartments, specifically
the ENS, have received proportionally less attention. So, it re-
mains largely unknown how mucosal inflammation affects ENS
homeostasis and function in IBD (Brierley and Linden, 2014).

A unique population of intestinal macrophages named mus-
cularis macrophages (MMs) resides in the outer smooth muscle
layer of the intestine (muscularis externa), where it anatomi-
cally associates with nerve fibers and somas of myenteric neu-
rons (Muller et al., 2014; Gabanyi et al., 2016; Phillips and
Powley, 2012). Macrophages are immune cells with “house-
keeping” functions (Park et al., 2022), and accumulating evi-
dence points to a symbiotic relationship between MMs and
enteric neurons in early postnatal ENS development and ho-
meostasis of adult ENS in health and GI infection (Matheis et al.,
2020; Viola et al., 2023; De Schepper et al., 2019; Muller et al.,
2014), but the functional connection between the two cell types
in IBD is yet to be identified.

Here, we sought to establish the mechanisms of post-
inflammatory GI dysmotility. In a mouse study supported by
some human data, we tested the hypothesis that mucosal in-
flammation in IBD alters homeostatic crosstalk between enteric
neurons and MMs. As a result, we uncovered a colitis-driven
neuroimmune pathway underlying pathological remodeling of
the ENS with associated GI dysfunction and identified its
regulatory axis.

Results

Transient colitis induces structural remodeling of the ENS

IBD is a chronic inflammatory condition with a relapsing-re-
mitting pattern. To study postinflammatory GI dysmotility, we
established a model of transient colitis to reflect phases of active
mucosal inflammation and postinflammatory remission based
on the chronic dextran sodium sulfate (DSS) colitis model
(Chassaing et al., 2014). Eight-week-old C57BL/6 (B6) wild-type
(WT) mice were given three 5-day cycles of DSS to maintain
active colitis for 4 weeks (3xDSS colitis); then, mice were fol-
lowed for another 6-8 weeks until a nearly complete recovery to
reproduce remission in patients with IBD (Fig. 1 A). The DSS
phase was associated with significant body weight loss, in-
creased fecal lipocalin-2 concentration used as a biomarker of
mucosal inflammation (Chassaing et al., 2012) (Fig. 1, B and C),
increased fecal water content, occult blood (Fig. S1, A and B), and
increased mucosal macrophage and neutrophil counts, consis-
tent with active mucosal inflammation (Fig. 1, D and E). By the
late postinflammatory phase, most of the inflammatory readouts
had normalized (Fig. 1, B-E; and Fig. S1, A and B), consistent with
recovery. Despite “remission,” mice with a history of DSS
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treatment exhibited signs of GI dysmotility, as evidenced by
accelerated GI transit, contrasting to the delayed GI transit ob-
served during active colitis (Fig. 1 F). The shortened colon at
the postinflammatory phase, although significantly longer
compared with the DSS phase (Fig. S1 C), indicated altered
contraction of intestinal smooth muscle. Given the essential role
of the ENS in GI motility (Furness, 2012), the observed dysmo-
tility in post-colitis 3xDSS mice suggests functional ENS alter-
ations. Consequently, we focused on elucidating the changes in
the ENS induced by colitis.

We imaged the colonic myenteric plexus at different stages of
colitis and post-colitis. Littermate mice were treated with 3xDSS
or water (control). The colonic muscularis externa was isolated
at the early acute (weeks 1 and 3) and late postinflammatory
(after week 10) time points, and the same regions of the colonic
myenteric plexus were stained with the antibodies against Hu
(B, C, and D subunits) (Kulkarni et al., 2023), BIII-tubulin, and
MHC Class II (MHCII) to visualize neuronal somas, nerve fiber
network, and macrophages, respectively, and imaged by confo-
cal microscopy (Fig. 1 G). The total number of myenteric neu-
rons, neuronal density, and nerve fiber architecture were
compared between the groups. We found significant structural
changes in the myenteric plexus of mice with colitis, and the
pattern of these changes differed between the early and late
time points as colitis progressed and regressed (Fig. 1, H-L). At
week 1, colitis was associated with a significant reduction in the
total number of myenteric neurons (Fig. 1 H), which was also
reflected in the fragmentation of larger ganglia into smaller
clusters (Fig. 1, I and J). Regions between BIII-tubulin* inter-
ganglionic nerve fiber tracts (IGFTs), referred to as IGFT regions
(Fig. 1 G), were quantified along with their area and used as
indirect readouts to assess structural changes in the fiber net-
work of the myenteric plexus. Compared with water-treated
controls, the myenteric plexus of inflamed mice showed a re-
duction in the number (Fig. 1 K) and an increase in size of the
IGFT regions (Fig. 1 L). These data suggest that the structural
changes of the myenteric plexus observed in colitis result from a
partial loss of myenteric neurons and disruption of the nerve
fibers linking adjacent ganglia. These changes were more evi-
dent at week 3 of colitis. In contrast to the colitis phase (weeks
1 and 3), by the late postinflammatory phase (week 10), the total
number of myenteric neurons appeared to have recovered
completely (Fig. 1 H, left panel). However, analysis of neuronal
counts using pooled values (Fig. 1 H, right panel) indicated an
incomplete recovery. Supporting this, we observed that in the
3xDSS group, the number of neuronal clusters, although re-
duced over time, remained increased compared with the con-
trols at week 10 (Fig. 1 I, both panels). Similarly, neuronal
density (quantified as the number of neurons per cluster) in-
creased over time in the 3xDSS group but remained lower than
the controls at week 10 (Fig. 1], both panels). Collectively, these
readouts indicated a partial recovery of neurons in the post-
inflammatory phase. Interestingly, neuronal density was found
to vary markedly across the examined fields, with regions of
severe neuronal loss interspersed with hyperplastic gan-
glia (Fig. 1, G-J, right panels), suggesting variation in recovery
among the ganglia. Additionally, we observed an increase in the
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Figure 1. Transient colitis leads to long-term postinflammatory Gl dysmotility and structural remodeling of the myenteric plexus. (A) Experimental
design of transient 3xDSS colitis (3.5% DSS in drinking water). (B) Percentage of body weight change in 3xDSS- or water-treated WT mice (n = 10 per group).
(C) Fecal lipocalin-2 in 3xDSS- or water-treated WT mice, measured by ELISA (control, n = 4; DSS, n = 8). (D) Percentage of total viable cells (left) and absolute
cell counts (right) of colonic mucosal macrophages in 3xDSS- or water-treated mice, quantified by FC (control, n = 5-7; DSS, n = 4-7). (E) Percentage of total
viable cells (left) and absolute cell counts (right) of colonic mucosal neutrophils in 3xDSS- or water-treated mice, quantified by FC (control, n = 5-7; DSS, n = 4-
7). (F) Gl transit in 3xDSS- or water-treated mice at week 1 and week 10 after starting DSS (control, n = 10; DSS, n = 9-10). (G) Confocal images of colonic
myenteric plexus isolated from 3xDSS- or water-treated mice and stained with Hu (neuronal somas), Blll-tubulin (nerve fibers), and MHCII (MMs, channel
turned off) antibodies. Images are representative of control (n = 5-10) and DSS (n = 4-13) for each time point. Scale bars, 100 um. (H-J) Changes in colonic
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myenteric ganglia displayed in G of mice described in A showing (H) total counts of Hu* neurons, (1) counts of neuron clusters, and (J) counts of Hu* neurons per
cluster, quantified by confocal microscopy. Data are shown as the mean value per mouse (left, control, n = 5-10; DSS, n = 4-13) or as distribution of pooled
values generated from analysis of 4-9 fields of view per mouse (right). (K and L) Changes in nerve fiber architecture of colonic myenteric plexus displayed in G
of mice described in A showing (K) counts of IGFT regions and (L) area of IGFT regions, quantified by confocal microscopy. Highlighted areain G is an example of
IGFT regions identified as spaces between Hu* myenteric ganglia and Bll-tubulin* fiber tracts (see Materials and methods). Data are shown as the mean value
per mouse (left, control, n = 5-10; DSS, n = 4-13) or as distribution of pooled values generated from analysis of 4-9 fields of view per mouse (right). All graphs
show the mean + SEM, n—mice. Data are representative of at least three independent experiments with similar results. Statistical analyses: unpaired Student’s
ttest (F), multiple t tests (C-E), and two-way ANOVA for multiple comparisons (H-L), *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. # above pooled
data in violin plots (right, H-L) indicates empirical P values calculated by the Nested Leave-One-Out Jackknife strategy, where, ###P < 0.001. ANOVA, analysis

of variance; FC, flow cytometry.

number but a reduction in the size of interganglionic spaces,
indicative of newly formed IGFTs, and, as a result, a denser nerve
fiber network (Fig. 1, K and L). Taken together, transient colitis
results in the redistribution of myenteric neurons with regions
of neuronal loss and hyperplasia and increased nerve fiber
density of the myenteric plexus.

Neuronal loss and neurogenesis underlie colitis-induced ENS
remodeling

A partial loss of enteric neurons due to programmed cell death
has been described in the acute phase of colitis (Gulbransen
et al., 2012; Matheis et al., 2020; Forster et al., 2025), and a
long-term study in infectious colitis showed progressive neu-
ronal loss (Matheis et al., 2020). We therefore used a second
approach based on flow cytometry to assess neuronal loss
and recovery after colitis. We established that a cell suspension
of murine muscularis externa contained the CD45- (non-
hematopoietic) CD90*CD24* single-cell subset positive for a
pan-neuronal marker PGP9.5 (Fig. S1, D and E). CD90*CD24*
single cells also selectively expressed neuron-specific genes
Elavi3 (encodes Hu C subunit) and Elavl4 (encodes Hu D sub-
unit) (Fig. S1 F) and a neuron-specific nucleosome component
BAF53b in Actléb:tdTomato reporter mice which were gener-
ated by crossing BAF53b(Actléb)°*® mice (Zhan et al., 2015;
Morarach et al., 2021) with Rosa26(R26)-STOPIex(®)/ftdTomato
mice (Fig. S1, G-I). When we quantified the number of
CD90*CD24" single cells in the muscularis externa of mice with
3xDSS colitis and controls, the reduction of CD90*CD24* cells in
the DSS group was transient (Fig. 2 A), consistent with confocal
microscopy. Therefore, neuronal loss in response to mucosal
inflammation is reversed after colitis.

Abrupt localized genetic depletion of adult myenteric neu-
rons in vivo has been shown to be followed by their gradual re-
population, along with the emergence of new nerve fiber
projections from the neighboring intact regions (Stavely et al.,
2024). Based on this, we hypothesized that the changes in the
myenteric plexus observed following colitis are driven by en-
teric neurogenesis. Nestin is a stem cell marker (Tong and Yin,
2024), and Nestin* progenitor cells can give rise to adult enteric
neurons (Kulkarni et al., 2017; Belkind-Gerson et al., 2013;
Belkind-Gerson et al., 2015); however, the extent of neuro-
genesis in the adult intestine, both under normal and inflamed
conditions, remains a topic of ongoing debate (Sharkey and
Mawe, 2023). To test the contribution of neurogenesis to
colitis-induced ENS remodeling, we used a previously described
fate-mapping approach (Kulkarni et al., 2017) based on
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tamoxifen-treated Nestin(Nes)ERCreR26-STOPY/AtdTomato (Nes:
tdTomato) mice to label newborn neurons. To verify that Nestin*
progenitors can give rise to mature neurons, we cultured my-
enteric neurons (Zhang and Hu, 2021) from tamoxifen-treated
adult Nes:tdTomato mice. Two weeks later, we detected clusters
of tdTomato* Hu*PGP9.5*BIII-tubulin* mature neurons (Fig. S2,
A and B). To exclude the possibility that Nestin is upregulated by
mature neurons, we cultured myenteric neurons from adult
tamoxifen-untreated Nes:tdTomato or neuron-specific SLICK-H:
tdTomato mice (as a control) and 2 weeks later added 4-
hydroxytamoxifen to the established neuronal cultures. Only
neurons from SLICK-H:tdTomato mice upregulated tdTomato,
while no tdTomato was observed in Nes:tdTomato neurons, in-
dicating a lack of Nestin expression in mature neurons (Fig. S2
C). Further, Nes was not upregulated in differentiated neuronal
cultures treated with lipopolysaccharide (LPS) or in sorted
CD90*CD24* neurons derived from DSS-treated mice (Fig. S2, D
and E). Therefore, Nes:tdTomato mice represent a relevant
model for studying enteric neurogenesis in vivo.

After only one cycle of DSS given to tamoxifen-treated Nes:
tdTomato mice, we detected new tdTomato*Hu* myenteric
neurons at the post-colitis phase. Specifically, tdTomato* label-
ing of cell bodies of Hu* cells inside the ganglia, along with nerve
fibers embedded into the myenteric plexus, is consistent with
mature neurons (Fig. 2, B and C). Other tdTomato* cell types
included intraganglionic S100B* enteric glial cells and extra-
ganglionic vascular cells (Fig. S3 A). Next, we quantified the
number of Nestin* progenitor-derived neurons in the 3xDSS
model (Fig. 2 B). The analysis of colon cross-sections and the
intact myenteric plexus after colitis revealed tdTomato*Hu*
neurons in all colon regions, indicating tissue-wide neu-
rogenesis in response to colitis (Fig. S3, B and C). Overall, ~6-
12% of myenteric neurons were tdTomato-labeled during the
postinflammatory phase, although labeling varied considerably
across fields and mice, with some reaching up to 20% (Fig. 2, E
and F; and Fig. S3, C-F). The higher frequency of tdTomato*
neurons in post-3xDSS mice as compared to age-matched lit-
termates undergoing the same tamoxifen treatment regimen
suggested that the increase in tdTomato* CD90*CD24* cells upon
DSS was happening due to colitis-related factors and not due to
age-related upregulation of Nestin in mature neurons. Taken
together, these experiments provide in vivo evidence of signifi-
cant Nestin* progenitor-driven neurogenesis upon colitis re-
covery. Thus, increased neurogenesis forms the biological basis
for the recovery of neuronal counts and remodeled ENS archi-
tecture observed after colitis.
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Figure 2. Transient colitis induces neurogenesis, contributing to structural remodeling of the myenteric plexus. (A) Percentage of total viable cells
(left) and absolute cell counts (right) of colonic muscularis CD45-CD90*CD24* neurons in 3xDSS- or water-treated WT mice, quantified by FC (control, n = 5-7;
DSS, n = 4-7). (B) Experimental design used in D: 3xDSS (2.15%) was given with the tamoxifen (Tam) regimen as shown. In C, only 1xDSS was given with the
same tamoxifen regimen. (C) Confocal images of colonic myenteric plexus isolated from tamoxifen- and 1xDSS-treated NestR-CeRosa26(R26)-STOP/-
fltdTomato (Cre*+Tam/DSS) and control R26-STOPfltdTomato (Cre~ +Tam/DSS) mice, as well as untreated NesER¢¢R26-STOP/tdTomato (Cre*) mice on
day 45 (6.5 wk), stained with antibodies to Hu (neuronal somas), tdTomato (newborn cells), and BllI-tubulin (nerve fibers). Scale bars, 100 um. (D) Confocal
images of colonic myenteric plexus from tamoxifen- and 3xDSS- or water-treated Nest?-CreR26-STOP/fltdTomato (Cre*) mice at week 1 and 10 after starting
DSS, stained with Hu, tdTomato, and Blll-tubulin antibodies. Images are representative of control (n = 3-6) and DSS (n = 4-6) for each time point. Scale bars,
100 pm. (E) Percentage of tdTomato*Hu * neurons in the colonic myenteric plexus from Cre* mice described in D at week 10, based on confocal microscopy (n =
6 per group). Data represent the mean + SEM of 5-10 fields of view analyzed per mouse per group. (F) Percentage of newly generated tdTomato* cells among
CD45-CD90*CD24* colonic myenteric neurons isolated from mice described in D, quantified by FC (control, n = 3-6; DSS, n = 4-6). Week 10 data are from the
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same mice as in D. All graphs show the mean + SEM, n—mouse. Data are representative of at least two independent experiments with similar results. Statistical
analyses: multiple t test (A), unpaired Student’s t test (E and F), *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

ENS remodeling is also a hallmark of progressive colitis

To evaluate the relevance of our findings in the 3xDSS model to
IBD, we assessed ENS remodeling in a genetic mouse model of
IBD and in intestinal tissue samples from IBD patients. As op-
posed to mice with transient colitis, age-matched Il10-/~ mice
with spontaneous colitis (Berg et al., 1996) had signs of pro-
gressive mucosal inflammation, elongated colon, signs of rectal
prolapse, and delayed GI transit time (Fig. 3, A-F). The myenteric
plexus of 1110/~ mice was characterized by a combination of
neuronal loss and increased density of the nerve fiber network
(Fig. 3. G-L). This could possibly be explained by ongoing neu-
rogenesis, with the rate of neuronal loss exceeding that of neu-
ronal replacement, although this has not been experimentally
tested.

We then quantified the extent of intestinal innervation in the
inflamed and noninflamed colon regions surgically resected
from the same patients with CD and in non-IBD noninflamed
controls. A significant increase in the density of HLA-DR* cells
was found in the mucosa of patients with CD as compared to
non-IBD controls, with the highest HLA-DR* cell density in in-
flamed CD regions (Fig. 3, M and O), consistent with the degree
of inflammation determined macroscopically. The density of
BHI-tubulin* nerve fibers was higher in CD samples as compared
to non-IBD controls, and the density in the inflamed CD regions
was higher than in noninflamed CD regions. The neuron density
in the enteric ganglia was also significantly increased in the
inflamed CD samples (Fig. 3, N and O), consistent with our
findings in mice. Collectively, these data provide evidence of
substantial ENS remodeling in murine progressive and human
refractory colitis caused by IBD.

Monocyte-derived MMs with neuron-associated gene
signature expand in the myenteric plexus in response to colitis
The cellular mechanisms driving colitis-induced ENS re-
modeling are not known. Macrophages in other organ
systems have been shown to orchestrate biological pro-
cesses relevant to tissue remodeling, including the safe
disposal of cell debris through efferocytosis and the release
of regulatory mediators and growth factors (Park et al.,
2022). This led us to investigate whether ENS-associated
MMs (Muller et al., 2014; Viola et al., 2023; De Schepper
et al., 2019; Gabanyi et al., 2016; Matheis et al., 2020) me-
diate colitis-induced ENS remodeling.

Quantification of MMs in the myenteric plexus at early and
late time points of 3xDSS colitis revealed a transient increase in
their number (Fig. 4, A-C), suggesting an external source. Tissue
macrophages differ in their developmental origins, arising ei-
ther from embryonic progenitors (e.g., brain microglia) or from
monocytes (Bleriot et al., 2020) (e.g., intestinal mucosal mac-
rophages) (Bogunovic et al., 2009; Bain et al., 2014; De Schepper
et al., 2019; Koscso et al., 2020). In contrast, MMs were high-
lighted to be of a mixed origin (Viola et al., 2023; De Schepper
etal.,2019). Still, the MM diversity and origins in colitis have not
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been sufficiently studied. To address it, a two-step approach was
adopted wherein single-cell RNA-sequencing (scRNA-seq)
analysis of the normal myenteric plexus was first performed
to identify potential MM subsets at steady state. Second,
using the scRNA-seq-defined MM clusters as reference,
CD45*CD11b*CD16/32* MM subsets were then subjected to
fluorescence-activated cell sorting (FACS) and followed by RNA-
seq analysis to establish gene signatures of control and DSS MM
subsets. Accordingly, as per step 1, muscularis externa from the
normal adult mouse colon was transcriptionally profiled at a
single-cell level. We identified 20 cell clusters of 13 distinct cell
types (in total 34,417 cells), including clusters of 6,929 MMs and
1,548 myenteric neurons, thus creating a comprehensive dataset
to study MMs and their interaction with enteric neurons (Fig. S4
A and Table S1). Cell cluster analysis revealed significant cellular
heterogeneity of MMs that were subdivided into five major
clusters of Csflr*Flt3- cells (Fig. S4 B). Slingshot analysis of five
MM clusters predicted the MMI cluster that co-expressed the
highest levels of monocyte-specific markers Ccr2 and Ly6c2, as
well as fibronectin (Fnl), to be an immediate monocyte descen-
dant and the last common ancestor for the MM2-5 clusters
(Fig. 4, D and E; and Fig. S4 C). However, the MMS5 cluster
also expressed the markers of self-maintaining monocyte-
independent macrophages Lyvel, Timd4, and Folr2 (Dick
et al., 2022) (Fig. 4 E and Fig. S4 C).

Next, in step 2, to link the scRNA-seq-defined MM1-5
clusters to flow cytometry-defined MM subsets, we iden-
tified five major MM populations by flow cytometry based
on their differential expression of monocyte/macrophage-
specific markers Ccr2-RFP, Lyé6c, Cx3crl-GFP, and MHCII
(Fig. 4, F and G; and Fig. S4, D and E) and purified the most
numerous MM2, MM3, MM4, MMS5 subsets from normal
colon, and MM1, MM2, MM3, and MM4 subsets from in-
flamed colon using four-way FACS followed by RNA-seq of
each subset (Fig. 4 H). The phenotypes and gene signatures
of MM subsets sorted from normal colon closely resembled
the gene signatures of MM clusters defined by scRNA-seq
(Fig. 4. E-H). Quantitively, the MMI (CCR2*Ly6c* MHCII')
and MM2 (CCR2*Ly6c*MHCII*) subsets, also expressing
Ccr2, Ly6c2 and Fnl, were negligible in the control group
but expanded >10-fold upon colitis; the numbers of the
MMS3 (CCR2*Ly6c”MHCII*), MM4 (CCR2-Ly6c MHCII*),
and MMS5 (CCR2-Ly6c”MHCII-) subsets either did not sig-
nificantly change or were reduced upon colitis (Fig. 4 I and
Fig. S4 E) reflecting the proportional shift toward the
newly recruited monocyte-derived populations (MM1 and
MM2). Although the monocyte marker Ly6c covered 65% of
CCR2* MMs in the same DSS mice (Fig. S4, E and F), an
increase in Ly6c* MM counts positively correlated with
CCR2* MM counts (Fig. S4 G and Fig. 4 I). Therefore, in
subsequent experiments where the use of Ccr2-RFP trans-
gene was not feasible, the Ly6c antibody was used as a sub-
stitute for Ccr2-RFP. Confocal microscopy of the colonic
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Figure3. ENSis remodeled in Il10~/- mice with progressive colitis and in human colon with refractory IBD. (A) Body weight in I10-/~ mice from 4 wk of
age until they developed rectal prolapse and in WT littermates (n = 5 per group). (B) Fecal lipocalin-2 in 110-/~ and WT mice, measured by ELISA (n = 5 per
group). (C) Percentage of total viable cells (left) and absolute cell counts (right) of colonic mucosal macrophages in 13-wk-old Il10~/~ and WT mice, quantified by
FC(WT, n =5;10-/~, n = 4). (D) Percentage of total viable cells (left) and absolute cell counts (right) of colonic mucosal neutrophils in 13-wk-old /l10-/~ and WT
mice, quantified by FC (WT, n = 5; l10/~, n = 4). (E) Colon length in 13-wk-old /10-/~ and WT mice (n = 3 per group). (F) Gl transit in 13-wk-old /10-/~ and WT
mice (WT, n = 5; 110-/~, n = 4). (G) Confocal images of colonic myenteric plexus from 13-wk-old [0/~ and WT mice stained with Hu (neuronal somas) and Blil-
tubulin (nerve fibers) antibodies. Images are representative of 13-wk-old Il10~/~ and WT mice (n = 3 per group). Scale bars, 100 um. (H-J) Changes in colonic
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myenteric ganglia displayed in G of mice described in A showing (H) total counts of Hu* neurons, (1) counts of neuron clusters, and (J) counts of Hu* neurons per
cluster, quantified by confocal microscopy. Data are shown as the mean value per mouse per group (left, n = 3 per group) or as distribution of pooled values
generated from analysis of 6-10 fields of view per mouse per group (right). (K and L) Changes in nerve fiber architecture of colonic myenteric plexus displayed
in G of mice described in A, showing (K) counts of IGFT regions and (L) area of IGFT regions, quantified by confocal microscopy. Data are shown as the mean
value per mouse per group (left, n = 3 per group) or as distribution of pooled values generated from analysis of 6-10 fields of view per mouse per group (right).
(M) Confocal images of large bowel mucosa in transmural specimens surgically resected from patients with CRC (normal adjacent region—control) and CD
(noninflamed and inflamed regions), stained with BllI-tubulin (nerve fibers), HLA-DR (including macrophages), and Hu (neuronal somas) antibodies, and DAPI
(nuclei). Images are representative of CRC (n = 3), CD noninflamed (n = 3), and CD inflamed (n = 2) tissue samples. Scale bars, 100 um. (N) Confocal images of
myenteric ganglia from the same tissue cross-sections as in M. Images are representative of CRC (n = 3), CD noninflamed (n = 3), and CD inflamed (n = 2) tissue
samples. Scale bars, 50 um. (0) HLA-DR* cells (top, to depict inflammation), Blli-tubulin* nerve fibers (mid, to depict innervation), and Hu* neuronal soma
density in Blll-tubulin* ganglia (bottom) in the experiment described in M and N, quantified by confocal microscopy. Data are shown as distribution of pooled
values generated from analysis of 6-14 ROls per patient tissue sample (top and mid-panels) or as distribution of pooled values indicating all ganglia analyzed per
patient tissue sample. N., normal; non-infl,, noninflamed. All graphs show the mean + SEM, n—mouse or patient. Data are representative of two independent
experiments with similar results (A-L). Statistical analyses: unpaired Student’s t test (C-0), multiple t test (A and B), and two-way ANOVA for multiple
comparisons (A and B), *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. # above pooled data in violin plots (right, H-L) indicates empirical P values

calculated by the Nested Leave-One-Out Jackknife strategy, where ###P < 0.001.

muscularis externa confirmed that CCR2* MMs expanded
specifically within the myenteric plexus following colitis
(Fig. 47).

MMs are a dominant immune cell type in the normal my-
enteric plexus (Muller et al., 2014). CD3* T cells, shown to
participate in the killing of enteric neurons infected with
neurotropic viruses (White et al., 2018), were rare in the my-
enteric plexus of both control mice and mice with colitis (Fig.
S4 H). The total numbers of muscularis polymorphonuclear cells
(M-PMNs) and muscularis T cells (M-T cells) were increased;
however, MM dominance remained after colitis induction (Fig.
S5, A and B).

To determine the contribution of monocytes to the total MM
pool during colitis, we fate-mapped monocyte-derived MMs
(Mo-MM:s) in Ccr2ER-CreR26-STOPA/AtdTomato (Ccr2:tdTomato)
mice continuously treated with tamoxifen under water and DSS
conditions (Fig. S5 C). Four days after beginning the tamoxifen
treatment, nearly 100% of blood Ly6c* inflammatory monocytes
were tdTomato* regardless of colitis (Fig. S5 D). Four and a half
weeks (33 days) later, over 90% of Ly6c* MMI1 and MM2, and
~75% of Ly6c- MM3 and MM4 subsets were labeled with tdTo-
mato; i.e., they were mostly monocyte-derived. The rate of MM
labeling with tdTomato was only slightly lower in control mice
(Fig. 4 K). Confocal microscopy showed similar results—97% of
tdTomato* cells in water-treated mice and 82% in DSS-treated
mice colocalized with MHCII* cells (Fig. S5 E). In contrast, the
rate of tdTomato* cells among MMS5 (Ly6c"MHCII") was only
10% in control mice and 40% in DSS mice, suggesting their low
turnover rate and/or low input from CCR2* monocytes (Fig. 4 K),
consistent with their Lyvel-, Timd4-, and Folr2-positive gene
signatures. Collectively, our analysis showed that colitis leads to
myenteric plexitis with a preferential expansion of monocyte-
derived CCR2* MMs.

To predict the outcome of plexitis, we performed gene
expression analysis of MM subsets. First, we identified
differentially expressed genes (DEGs) in water control and
DSS-inflamed MM subsets (Fig. S5 F; and Tables S2 and S3).
Gene pathways upregulated by MM1 subset following colitis
included “cell-cell adhesion”, “collagen degradation”, “ex-
tracellular matrix organization”, “myelin sheath forma-
tion”, “negative regulation of neuron apoptotic process”,

Kurapati et al.
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“dopaminergic neuron differentiation”, and “pathways of
neurodegeneration (multiple diseases)”. Gene pathways
upregulated by a more differentiated MM4 subset included
“efferocytosis”, “microglial cell activation”, “negative regulation
of cell death”, “positive regulation of neuron apoptotic process”,
“positive regulation of neuron differentiation”, “inflammatory
response”, and “antigen processing and presentation” (DSS MM
subset pathway enrichment up- and downregulated relative to
all other subsets is shown in Table S4).

Using an earlier gene array dataset of intestinal macrophages
(Muller et al., 2014; Miller et al., 2012), we established the MM
core gene signature, which included genes potentially relevant
to ENS remodeling based on a literature search and whose ex-
pression was significantly higher in MMs than in mucosal
macrophages (Fig. S5 G). Comparison of core MM signature
genes and additional microglia-specific genes (common for both
MMs and mucosal macrophages) across MM subsets at steady
state and during colitis revealed specific candidates potentially
involved in ENS remodeling (Fig. S5, H-J; DSS MM subset
identity signatures up- and downregulated relative to all other
subsets are shown in Table S5). Finally, we compared the ex-
pression of common inflammatory and anti-inflammatory genes
among MM subsets at steady state and during colitis. Monocyte-
derived MM1 and MM4 subsets upregulated the expression of
both pro-inflammatory (Ilib, Osm, Tnf) and anti-inflammatory
(Argl, Arg2, Il10) genes in a manner that did not align with pro-
inflammatory “M1” and alternative “M2” MMs highlighted ear-
lier (Gabanyi et al., 2016) (Fig. S5 K).

CellChat analysis applied to the scRNA-seq dataset identified
ligand-receptor pair interactions between the two most distinct
monocyte-derived MM1 or MM4 clusters and myenteric neu-
rons (combined clusters 12 [Morarach et al., 2021] and 13
[Kulkarni et al., 2023]; Fig. 4 L) at steady state, predicting that
Mo-MMs engage in functional crosstalk with enteric neurons.
Although the ligand-receptor pairs for MM1 and MM4 clusters
overlapped, some ligand-receptor pairs were unique to either
MM1 (e.g., Sema3c-Plxndl [Kim et al., 2024] and Fni-Itgav/bl
[Reichardt and Tomaselli, 1991] reported to be required for ax-
onal growth and synapse formation) or MM4 (e.g., App-Cd74 and
Gas6-Mertk likely involved in the regulation of repair and
clearance of injured neurons [Matsuda et al., 2009; Healy et al.,
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Figure 4. CCR2* monocyte-derived MMs expand in the myenteric plexus in response to colitis. (A) Confocal images of colonic myenteric plexus isolated
from 3xDSS- or water-treated mice (as in Fig. 1 G but with MHCII channel ON). Images are representative of control (n = 5-10) and DSS (n = 4-13) for each time
point. Scale bars, 100 um. (B) Total MHCII* area in the colonic myenteric plexus shown in A, based on confocal microscopy. Data are shown as the mean value
per mouse (left, control, n = 5-10; DSS, n = 4-13) or as distribution of pooled values generated from analysis of 4-9 fields of view per mouse (right).
(C) Percentage of total viable cells (left) and absolute cell counts (right) of colonic MMs from mice described in A, quantified by FC (control, n = 5-7; DSS, n = 4~
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7).(D) Predicted developmental trajectory of five scRNA-seq MM clusters in normal colon determined by slingshot analysis, shown as pseudotime (left) and MM
clusters (right). The scRNA-seq dataset is described in Fig. S4. (E) scRNA-seq dot heatmap showing expression of 11 marker genes across five MM clusters
displayed in D. Color denotes the average expression level, and size represents the percentage of cells expressing the indicated genes. (F) FC t-SNE plots
showing MM subsets of colonic muscularis single-cell suspensions from water- or 1xDSS-treated (2.75%) Ccr2RFP/*Cx3cr1FP/* reporter mice at week 1 (gated on
CD45*CD11b*CD16/32* viable cells). (G) MFI heatmap showing expression of five MM-specific protein markers in the same FC experiment as in F. (H) RNA-seq
heatmap showing expression of 11 marker genes by MM subsets identified in E, isolated by four-way FACS from 1xDSS- or water-treated Ccr2R"P/+Cx3¢cr16FP/+
mice at week 1in the same experiment as in F and G. () Percentage of total viable cells (left) and absolute counts (right) of colonic MM subsets shown in F-H,
quantified by FC (n = 5 per group). (J) Confocal images of colonic myenteric plexus from 1xDSS- or water-treated Ccr2RFP/+Cx3cr1®"/+ mice at week 1, stained
with antibodies to GFP (CX3CR1* cells), RFP (CCR2* cells), and BllI-tubulin (nerve fibers). Scale bars, 50 um. (K) Percentage of monocyte-derived tdTomato*
cells among colonic MM subsets and PMNs from tamoxifen- and 1xDSS- (3%) or water-treated Ccr2®R¢eR26-STOP/fitdTomato mice at week 5, quantified by
FC (n = 3 per group). (L) Wheel plots showing top ligand-receptor pair interactions between colonic myenteric neurons and monocyte-derived MM1 (left) or
MM4 (right) clusters predicted by CellChat analysis of the scRNA-seq dataset described in Fig. S4. All graphs show the mean + SEM, n—mouse. Data in A-C, F,
G, and | are representative of at least three independent experiments, and data in ] and K are representative of at least two independent experiments with
similar results. Statistical analyses: unpaired Student’s t test (I), multiple t test (C), and two-way ANOVA for multiple comparisons (B), *P < 0.05, **P < 0.01,

***P < 0.001, and ****P < 0.0001. MFI, mean fluorescence intensity.

2016]) clusters, suggesting that following recruitment into the
myenteric plexus, monocytes represented by MMI cluster en-
gage in functional interactions with enteric neurons and acquire
additional neuron-associated functions while transitioning to
terminally differentiated tissue macrophages represented by
MM4 cluster. To assess the relevance of the Mo-MM-neuron
crosstalk in the colitis setting, we selected the genes that were
significant for MM-neuron communication in the normal colon
based on CellChat (Fig. 4 L) and evaluated their statistical en-
richment in a co-expression network we generated from bulk
RNA-seq of mouse colon of DSS mice and water controls from
our prior study (Peters et al., 2017; Peters et al., 2023). This
analysis (Table S6) established that the MM- and neuron-
interacting genes from the single-cell mouse colon dataset are
conserved in DSS colitis.

In summary, DSS-induced mucosal inflammation leads
to extensive monocyte recruitment into the ENS microana-
tomical compartment, located outside the mucosa. Mono-
cytes sequentially differentiate into functionally distinct
CCR2*and CCR2- ENS-associated MMs predicted to engage in
functional crosstalk with enteric neurons by acquiring mi-
croanatomical compartment-specific tissue remodeling and
microglia-like properties in addition to inflammatory, im-
munoregulatory, and antigen-presenting functions typical
of mucosal macrophages. Therefore, Mo-MMs are the most
probable immune cell type responsible for ENS remodeling
upon colitis.

Mo-MMs recruited by myenteric neurons via the CCL2 axis
facilitate ENS remodeling

To test the predicted role of MMs in ENS remodeling in vivo,
we assessed the dynamic changes in neuron-MM interactions
during the active and receding stages of colitis. Mice were
treated with one cycle of DSS (to have a better controlled system)
or water, and the interactions between MMs (MHCII*) and
myenteric neurons (Hu*) were quantified by three-dimensional
two-photon microscopy. MHCII was kept as a reliable marker for
Mo-MMs in tissue immunofluorescence analyses (Fig. S5 E).
Like in prior experiments (Fig. 1, H-J and Fig. 2 A), the initial loss
of neurons observed at week 1 was followed by the recovery of
their number (Fig. 5, A and B). However, the peak of MM ex-
pansion (week 2) was delayed as compared to the peak of

Kurapati et al.
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neuronal loss (week 1), suggesting that MM expansion is sec-
ondary to the initial neuronal loss (Fig. 5, A and B). At the peak of
MM expansion, there were increased contacts between MMs
and neurons and increased neuronal (Hu) signal inside MMs
(MHCII), reflecting MM recruitment into the myenteric ganglia
and uptake of neurons by MMs (Fig. 5, A and B; and Videos 1, 2,
and 3).

Next, we sought to identify an ENS-associated cell type that
plays a role in recruiting monocytes into the ENS niche. In the
myenteric plexus, only enteric neurons can directly access the
mucosa through projected axons (Margolis et al., 2016; Melo
et al., 2020; Fung et al., 2025), and myenteric sensory neurons
show increased excitability in the inflamed colon (Linden et al.,
2003). We therefore hypothesized that biological changes in
enteric neurons should be most upstream to other changes in the
microanatomical compartment of the myenteric plexus, and that
enteric neurons are the most likely cell type to recruit MMs.
Indeed, FACS-purified CD90*CD24* myenteric neurons and not
other stromal cells expressed CCR2 ligand Ccl2 at baseline and
upregulated it further upon colitis (Fig. 5 C). To assess CCL2
expression in myenteric neurons within intact tissue, we used
Ccl2f/% RFP reporter mice, which express RFP under the control
of the Ccl2 promoter. RFP expression was significantly elevated
during colitis, primarily localized to Hu* neuronal somas
(Fig. 5D). Nerve fibers that can originate from both extrinsic and
enteric neurons were negative for RFP, thus excluding extrinsic
neurons as a potential source of myenteric CCL2. Hu"RFP* cells
were less frequent and consisted of MHCII* MMs and other
nonneuronal intraganglionic cells (Fig. 5 D). In contrast, sys-
temic LPS injection triggered a preferential CCL2 response in
nonneuronal cells (both MHCII* and MHCII; Fig. S6 A), sup-
porting the idea that, in early colitis, enteric neurons are the
primary cell type transmitting inflammatory signals from the
mucosa to the myenteric plexus. In addition, CCL2 immunore-
activity was detectable in myenteric neurons of the inflamed
human CD colon (Fig. S6é B).

To provide the in vivo evidence of the neuron-to-monocyte
CCL2 signaling axis, we conditionally depleted Ccl2 in enteric
neurons in vivo. To avoid possible developmental ENS defects
caused by early MM loss (Viola et al., 2023), we used SLICK-HF®-
Cre mice as a tamoxifen-inducible transgenic Cre line specific to
neurons (Young et al., 2008) (Fig. S7, A-E). Currently, no other
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Enteric neuron-derived CCL2 facilitates pathological myenteric plexus remodeling and postinflammatory GI dysmotility by excessive

recruitment of monocytes in response to colitis. (A) Two-dimensional projections of three-dimensional two-photon images of colonic myenteric plexus
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from 1xDSS- (3%) or water-treated mice, stained with MHCII (MMs) and Hu (neuronal somas) antibodies. Images are representative of control (n = 3) and DSS
(n = 1-3) mice for each time point. Scale bars, 100 pm. (B) Myenteric neurons, MMs, their interactions, and neuronal uptake by MMs quantified by two-photon
microscopy in the experiment described in A (control, n = 3; DSS, n = 1-3). Data are shown as the mean of pooled values generated from analysis of 5-18 fields of
view per group. (C) Ccl2 expression by gPCR in CD45-CD90*CD24* myenteric neurons and other CD45- stromal cells FACS-purified from colonic muscularis of
1xDSS- or water-treated mice at week 1, normalized to the housekeeping gene Actb (control, n = 1-3; DSS, n = 2, where n = independent cell sorting).
(D) Confocal images of colonic myenteric plexus from 1xDSS (2.5%)- or water-treated Ccl2-RFP/land WT mice at week 1, stained with MHCII (MMs), tdTomato
(Ccl2-RFP), and Hu (neuronal somas) antibodies. White arrowheads indicate CCL2*"Hu* neurons. Scale bars, 50 um. (E) Experimental groups used in F-J,
analyzed at weeks 1 and 11 after starting DSS. (F) Percentage of total viable cells (left) and absolute cell counts (right) of colonic Mo-MMs in tamoxifen- and
3xDSS-treated (2.15%) SLICK-HER-CreCc[2Vfl (Cre*) and Ccl2" littermates (Cre™), quantified by FC (DSS Cre~ and Cre*, n = 8 per group). Baseline shows the
mean value for tamoxifen- and water-treated Cc2Vf littermates (Water Cre™, n = 5-6). P values above each column indicate statistical differences against
baseline. (G) Structural changes in the colonic myenteric plexus of mice described in F, showing counts of neuron clusters, counts of Hu* neurons per cluster,
and counts and area of IGFT regions, quantified by confocal microscopy (DSS Cre~and Cre*, n = 7-8 per group; Water Cre~ baseline, n = 4-6). Data are shown as
distributions of pooled values generated from analysis of 5 fields of view per mouse. (H) Gl transit in tamoxifen- and 3x DSS-treated Cre~ and Cre* littermates at
week 11 after starting DSS (DSS Cre™ and Cre*, n = 13-14 per group; Water Cre~ baseline, n = 9). P values above each column indicate statistical differences
against baseline. (I) Counts of CC7*ANNA-1* colonic myenteric neurons analyzed at week 1, quantified by confocal microscopy (DSS Cre~ and Cre*, n = 4 per
group; Water Cre~ baseline, n = 2). Data are shown as a distribution of pooled values generated from analysis of 5-6 fields of view per mouse. (J) Interactions
(contacts) between MHCII* MMs and myenteric Hu* neurons analyzed at week 1, quantified by confocal microscopy (DSS Cre~ and Cre*, n = 7-8 per group;
water Cre~ baseline, n = 4). Data are shown as distributions of pooled values generated from analysis of 5 fields of view per mouse. All graphs show the mean =
SEM, n—mouse, unless stated differently. Data are representative of at least two independent experiments with similar results. Statistical analyses: unpaired
Student’s t test (B, F, H, I, and J) and two-way ANOVA for multiple comparisons (G), *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. # above pooled
data in violin plots (right, G) indicates empirical P values calculated by the Nested Leave-One-Out Jackknife strategy, where #P < 0.5-0.01, and ###P < 0.001.

Cre line has been described that can target the majority of enteric
neurons in an inducible manner. The specificity of the SLICK-
HER-Cre mouse model to myenteric neurons but not enteric glia
was confirmed in SLICK-HFR-CreR26-STOP!/fltdTomato mice
(Fig. S7, C-E). Successful tamoxifen-induced (as in Fig. 2 B) Ccl2
depletion in enteric neurons of SLICK-H-ER-CreCc]2fl/fl (Cc]pANeu)
mice was also confirmed (Fig. S6 C). Next, Ccl22Ne" mice and
their Ccl2f/ littermates were given 3xDSS and analyzed at early
acute and late postinflammatory time points (Fig. 5 E). The de-
pletion of Ccl2 in enteric neurons reduced the number of recently
recruited Ly6c* Mo-MMs both at early and at late time points
(Fig. 5 F and Fig. S6 D), while having no significant impact on
M-PMNs and M-T cells (Fig. S6, E and F). There were also no
significant difference in mucosal inflammation (Fig. S6, G-I) and
blood monocyte counts (Fig. S6 J) between the Ccl2-sufficient
and Ccl2-deficient groups. These data demonstrate that during
colitis enteric neurons recruit monocytes into the myenteric
plexus by upregulating CCL2 production.

According to our scRNA-seq data supported by flow cytom-
etry analysis presented in Fig. 4, no cell types in the myenteric
plexus other than MMs express Ccr2. Therefore, Ccl22Ne mice
provided a Mo-MM-reduced model with an intact mucosal
macrophage compartment for functional studies addressing the
overall role of inflammatory Mo-MMs in colitis-associated ENS
remodeling. Next, ENS remodeling was assessed in the same
cohort of mice described above (Fig. 5 E). Neuron counts per field
are a highly variable readout (Fig. 1 H), necessitating a larger
sample size and high-power analysis. Therefore, we focused on
more sensitive measures of neuronal loss based on neuronal
density and pooled values. We found that both Mo-MM-
sufficient and Mo-MM-defficient mice experienced neuronal
loss during active colitis. However, the myenteric plexus of
Ccl2ANew mice showed less severe ganglion fragmentation, as
evidenced by fewer neuronal clusters and more neurons per
cluster, indicating it was less affected (Fig. 5 G; and Fig. S8, Aand
B). This was consistent with less disrupted nerve fiber network
in Ccl22Neu mice as their IGFT region counts and IGFT region size
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were more similar to control mice without colitis (Fig. 5G; and
Fig. S8, A and B). In the post-colitis phase, we observed a partial
recovery of neuronal counts and increased nerve fiber density
in Mo-MM-sufficient mice, consistent with neurogenesis, while
Mo-MM-deficient Ccl22Ne" mice remained more similar to
control mice without colitis (Fig. 5 G; and Fig. S8, A and B).
These data suggest that reduced recruitment of Mo-MMs di-
minished the early neuronal degeneration and subsequent ENS
remodeling in the myenteric plexus. In line with reduced ENS
remodeling, Ccl22Ne" mjce exhibited GI transit that was similar
to water-treated control mice, indicating protection from
postinflammatory GI dysmotility (Fig. 5 H).

DSS and infectious colitis have been shown to increase pro-
grammed cell death of enteric neurons (Gulbransen et al., 2012;
Matheis et al., 2020; Forster et al., 2025). Because Mo-MMs
upregulate inflammatory gene expression during colitis (Fig.
S5 K), we asked about their role in early neuronal apoptosis.
We saw an increase in cleaved caspase-7 (CC7)* apoptotic neu-
rons in mice with early colitis as compared to no colitis control,
but there was no significant difference in the frequency of CC7*
neurons between Ccl22Ne" and Ccl28/8 groups with colitis (Fig. 51
and Fig. S8 C). In contrast, the physical contact between MMs
and myenteric neurons was reduced in the Ccl22Nev group
(Fig. 5 ). This evidence supports our earlier findings (Fig. 5, A
and B) and lends further credence to the idea that Mo-MMs
contribute to the cleanup of damaged neurons, providing con-
ditions for neuronal regeneration. Collectively, our data suggest
that Mo-MMs recruited by myenteric neurons promote dispro-
portionate ENS remodeling in response to colitis-induced ENS
damage, thereby contributing to the pathogenesis of post-
inflammatory GI dysmotility.

Enteric neuron-intrinsic hypoxia stress response via HIFla
counterbalances colitis-induced recruitment of Mo-MMs and
reduces ENS remodeling

The influx of inflammatory immune cells, their local prolifera-
tion, and elevated glycolysis during colitis increase oxygen
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consumption, leading to suboptimal oxygen levels in the tissue
termed “inflammatory hypoxia” as opposed to “physiological
hypoxia” present in the normal colon (Taylor and Colgan, 2017).
We hypothesized that enteric neurons, in response to hypoxic
stress, may activate an adaptation program to limit further
monocyte recruitment and mitigate the exacerbation of hypoxia.
To test that enteric neurons are hypoxic upon colitis, control
mice and mice with early DSS colitis were injected with the ni-
troimidazole compound EF5, which specifically labels hypoxic
cells when injected in vivo, or vehicle. In the inflamed colons
of DSS-treated mice, there was a significant increase in EF5*
(i.e., hypoxic) neurons along with the EF5* epithelium, which
served as an internal positive control (Taylor and Colgan, 2017)
(Fig. 6, A and B). Thus, enteric neurons become hypoxic upon
colitis.

The hypoxia-inducible factor (HIF) pathway regulates the
expression of a broad range of genes that facilitate cell adapta-
tion to hypoxic stress. HIFs function as heterodimers composed
of an oxygen-regulated alpha subunit and a stably expressed
beta subunit. HIFla is ubiquitously expressed, and in the brain,
it was shown to regulate the neuronal response to hypoxia
(Sharp and Bernaudin, 2004). Under normoxia, cytoplasmic
HIFla is continuously subjected to hydroxylation and protea-
somal degradation with the help of the von Hippel-Lindau (VHL)
E3 ubiquitin ligase complex (Fig. 6 C). During hypoxia, HIFla is
not degraded and thus translocates into the nucleus, where it
dimerizes with HIF1B and binds to HIF-responsive elements in
specific target genes (Dengler et al., 2014). One key target of this
pathway is vascular endothelial growth factor a, which is posi-
tively regulated by HIF signaling (Forsythe et al., 1996; Sharp and
Bernaudin, 2004) (Fig. 6 C). We therefore tested Hifla and Vegfa
expression in enteric neurons isolated from the myenteric
plexus of mice at an early phase of DSS colitis and control mice,
and found that colitis significantly upregulated neuronal Hifla
and Vegfa expression (Fig. 6, D and E). HIFla was also detectable
in the nuclei of myenteric neurons during colitis (Fig. S9 A).
Thus, mucosal inflammation triggers the adaptation response to
hypoxic stress in enteric neurons in addition to the inflamma-
tory CCL2 response.

HIFla binding site was found in the CCL2 promoter in pri-
mary fetal human astrocytes (Mojsilovic-Petrovic et al., 2007),
but the functional link between hypoxia signaling and CCL2
expression in enteric neurons has not been established. To test
the hypothesis that HIFla signaling regulates Ccl2 expression in
enteric neurons during inflammation, we modeled chemical
hypoxia in vitro by treating cultures of myenteric neurons iso-
lated from adult mice (Zhang and Hu, 2021) (Fig. S9, B and C)
with cobalt chloride (CoCl,), a known stabilizer of HIFla and
activator of HIF signaling (Munoz-Sanchez and Chanez-
Cardenas, 2019). To confirm that our in vitro hypoxia system
is HIFla-dependent, cultured myenteric neurons were treated
with CoCl, in the presence of the HIFla inhibitor PX-478
(Schwartz et al., 2009), and Vegfa expression was quantified by
quantitative PCR (qPCR). CoCl, treatment upregulated Vegfa
expression, but when combined with PX-478, Vegfa expression
was reduced (Fig. S9 D).
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Using this validated in vitro model system, we examined the
role of the HIF pathway on Ccl2 expression. Myenteric neurons
cultured in the presence or absence of CoCl, were treated with
pro-inflammatory stimuli LPS or IL-1B, both known as positive
regulators of CCL2 expression in other cell types (Serbina et al.,
2008; Serbina et al., 2012). We found that like primary enteric
neurons (Fig. 5 C), cultured enteric neurons expressed detect-
able levels of Ccl2 at baseline (Fig. S9 E) and significantly upre-
gulated Ccl2 expression upon LPS or IL-1B treatment. Triggering
the HIF pathway with CoCl, reduced Ccl2 expression both at
baseline and upon stimulation (Fig. 6 F; and Fig. S9, F and G).
Similar results were observed for CCL2 protein expression
(Fig. 6 G). CoCl, treatment did not impact cell viability (Fig. S9 H)
or significantly change baseline and induced Illa and Csfl ex-
pression (Fig. S9, I and J), but it did induce Vegfa expression in
the same cell cultures (Fig. S9 K). Furthermore, treatment with
the HIFla inhibitor PX-478 upregulated Ccl2 expression in cul-
tured enteric neurons (Fig. 6 H and Fig. S9 L). Collectively, our
in vitro studies show that the HIF pathway negatively regulates
CCL2 chemokine expression in enteric neurons.

To test the role of HIF pathway on enteric neuron-to-MM
CCL2 axis in vivo, we treated mice with PX-478 or a vehicle
control along with DSS and analyzed them at an early time point
(Fig. 6 I). We found that enteric neurons from PX-478-treated
mice with colitis upregulated more Ccl2 (Fig. 6 J) and had more
Mo-MMs (Fig. 6 K and Fig. S10 A) as compared to the vehicle-
treated mice with colitis. In contrast, there was no difference in
M-PMN numbers (Fig. S10 B) and mucosal inflammation (Fig.
S11, A-C) between the groups. These results support our in vitro
findings, demonstrating that the HIF pathway negatively regu-
lates CCL2 expression in enteric neurons in vivo and reduces
monocyte recruitment into the myenteric plexus.

To block HIF signaling in enteric neurons that would mimic
PX-478 treatment, we generated transgenic SLICK-HER-
CreHifia/ (Hifla®Ne") mice that deplete HIFlo specifically in
neurons when treated with tamoxifen (as in Fig. 2 B). To rein-
force HIF signaling, we generated SLICK-HER-Creyh]fl/l (h]ANeu)
mice that deplete a negative regulator of HIF signaling Vhl (Fig. 6
C) in neurons upon tamoxifen treatment. And as a positive
control, we developed SLICK-HER-Crepyd8sf/fl (MydggANev) mice
to block the effect of LPS and IL-1pB signaling that were used as
CCL2 mimetics in the in vitro system. Hifla®Ne" mice are expected
to express more CCL2 in enteric neurons, while VhlANev and
Myd88ANeu mice are expected to have less CCL2 expression in
enteric neurons. Similar to PX-478-treated mice, Hifla®Ne" mice
with active colitis had more Mo-MMs as compared to Cre™ mice
(Fig. S10, C and D). In contrast, VhI*Ne# and Myd882Ne" mice with
active colitis had fewer Mo-MMs as compared to Cre~ mice
(Fig. 6 M; and Fig. S10, F, G, and I). Hifla®Ne, Myd8g®Nev, and
VhiANew mice did not have significant differences in M-PMN
numbers (Fig. S10, E, H, and J) and mucosal inflammation (Fig.
S11, D-L), confirming that the effect that we see on Mo-MMs is
myenteric plexus-restricted and neuron-driven. Together, these
results demonstrate that enteric neurons under hypoxic stress
employ HIF signaling to counterbalance the inflammation-
mediated recruitment of monocytes into the ENS.
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Figure 6. Enteric neuron-intrinsic HIF1la signaling limits CCL2-driven monocyte recruitment and protects from myenteric plexus remodeling and
postinflammatory Gl dysmotility. (A) Confocal images showing cross-sections of colons isolated from 1xDSS- (3.5%) or water-treated and EF5- or vehicle-
injected WT mice at week 1, stained with EF5 (hypoxic cells) and Hu (neuronal somas) antibodies, and DAPI (nuclei). Scale bars, 50 um. (B) Percentage of total
EF5* Hu* hypoxic neurons in cross-sections of colons of mice described in A (n = 2 per group, n—cross-section of full-length colon Swiss roll). (C) Graphical
summary of HIF signaling pathway. (D) Hifla expression by qPCR in colonic myenteric neurons FACS-purified from 1xDSS- or water-treated mice at week 1,
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normalized to Actb (n = 4-5 per group, n—independent cell sorting). (E) Vegfa expression by gPCR in colonic myenteric neurons FACS-purified from 1xDSS- or
water-treated mice at week 1, normalized to Actb. (n = 6 per group, n—independent cell sorting). (F) Ccl2 expression by gPCR in cultured adult colonic myenteric
neurons treated with CoCl,, LPS, or their combinations, normalized to Actb (n = 3 per group, n—replica wells in the same cell culture). (G) CCL2 concentration by
ELISA in supernatants from cultured adult colonic myenteric neurons described in F (n = 3 per group, n—replica wells in the same cell culture). (H) Ccl2
expression by gPCR in cultured adult colonic myenteric neurons treated with the HIF1a inhibitor PX-478 or vehicle, normalized to Actb (n = 3 per group, n—
replica wells in the same cell culture). (1) Experimental groups used in ] and K, analyzed at week 1 after starting DSS. (J) Ccl2 expression by qPCR in CD45~
CD90*CD24* colonic myenteric neurons FACS-purified from 1xDSS (2.5%)- or water-treated WT mice daily injected with PX-478 or vehicle, analyzed at week 1,
and normalized to Actb (n = 6 per group). (K) Percentage of total viable cells (left) and absolute cell counts (right) of colonic Mo-MMs, quantified by FC (DSS
vehicle and PX-478, n = 8 per group). Baseline shows the mean value for PX-478-injected water-treated mice (n = 1). (L) Experimental groups used in M-P,
analyzed at weeks 1and 11 after starting DSS. (M) Percentage of total viable cells (left) and absolute cell counts (right) of colonic Mo-MMs from tamoxifen- and
1x or 3xDSS-treated (2.5%) SLICK-HER-Crevh[fVf (Cre*) and VAl littermates (Cre™), quantified by FC (DSS Cre~ and Cre*, n = 7-19 per group). Baseline shows
the mean value for tamoxifen- and water-treated Vh("/f littermates (Water Cre, n = 5-9). P values above each column indicate statistical differences against
baseline. (N) Structural changes in colonic myenteric plexus of mice described in M, quantified by confocal microscopy, showing counts of neuron clusters,
counts of Hu* neurons per cluster, and area and counts of IGFT regions. Data are shown as distributions of pooled values generated from analysis of 5-8 fields of
view per mouse per group (DSS Cre~ and Cre*, n = 4-7 per group; water Cre~, n = 2-3). (0) Contacts between MHCII* MMs and Hu* myenteric neurons of mice
described in M, analyzed at week 1 (DSS Cre~ and Cre*, n = 4 per group). Baseline shows the mean value for tamoxifen- and water-treated VhI' littermates
(water Cre~, n = 2). Data are shown as distributions of pooled values generated from analysis of 5 fields of view per mouse per group. (P) Gl transit of mice
described in M, analyzed at week 11 (DSS Cre~ and Cre*, n = 7 per group). Baseline shows the mean value for tamoxifen- and water-treated Vh{"/® littermates
(water Cre™, n = 5). P values above each column indicate statistical differences against baseline. All graphs show the mean + SEM, n—mouse, unless stated
differently. Data are representative of at least two independent experiments with similar results. Data are pooled from two to four smaller experiments (D, E, K,
and M). Statistical analyses: unpaired Student’s t test (D-H, J, K, M, O, and P) and two-way ANOVA for multiple comparisons (N), *P < 0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001. # above pooled data in violin plots (N) indicates empirical P values calculated by the Nested Leave-One-Out Jackknife strategy,

where #P < 0.05, ##P < 0.01, and ###P < 0.001.

Finally, we examined the effect of colitis-associated HIF sig-
naling on ENS remodeling and postinflammatory GI dysmotility.
Confocal microscopy revealed greater ganglion fragmentation,
nerve fiber loss, and more MM-neuron contacts in Hifla®Nev
mice with active colitis (Fig. S12, A-D). Conversely, VhI®Ne mice,
with reduced monocyte recruitment, exhibited reduced gan-
glion fragmentation, nerve fiber loss, and fewer MM-neuron
contacts (Fig. 6, N and O; and Fig. S12, E and F) during early
colitis. In post-colitis mice, their ENS architecture was less re-
modeled, resembling that of water controls (Fig. 6 N; and Fig.
S12, E and F) and Ccl22Nev mice (Fig. 5 G). In contrast to 3xDSS
Cre™ mice, VhIANe® mice with a history of colitis showed slower GI
transit, similar to water control mice (Fig. 6 P). Thus, bolstering
hypoxia-induced HIF signaling by VHL removal protects from
pathological ENS remodeling and subsequent postinflammatory
dysmotility.

Taken together, these results underscore the role of a
hypoxia-induced stress response in enteric neurons that coun-
terbalances their CCL2 expression and monocyte recruitment
into the myenteric plexus, likely to prevent further escalation of
tissue hypoxia, tissue damage, and excessive repair.

Hypoxia stress response and CCL2 associations are observed

in IBD

Subsequently, we investigated whether the hypoxia stress re-
sponse and CCL2 associations are observed in the intestinal
tissue affected by IBD. We leveraged Bayesian networks (BNs)
constructed from biopsies collected from the ileum and colon of
2,490 IBD patients, including inflamed and noninflamed tissue,
and noninflamed samples from routine screening as controls.
These probabilistic networks infer the causal regulatory hier-
archy of co-expressed genes in five specific networks: control
ileum, CD ileum, control colon, CD colon, and UC colon
(Argmann et al., 2021; Sudrez-Farifias et al., 2021). We interro-
gated the networks for the presence of a hypoxia signal by
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searching for a homologous hypoxia subnetwork across all
networks by curating a hypoxia gene signature comprised of
genes downstream of HIF signaling (Watts and Walmsley, 2019)
and CCL2/CCR2 (Serbina et al., 2008; Serbina et al., 2012)
pathways from the literature. In projecting this hypoxia gene
signature onto each network, we identified all gene network
nodes overlapping between the signature genes and the network
gene nodes (Fig. 7 A). We included all nodes extending out two
path lengths from the shared signature and network nodes, to
extract the largest connected subnetwork of each network,
comprising the hypoxia subnetwork of each network. We gen-
erated the inflamed enteric neural signature based on scRNA-
seq dataset from ileal IBD surgical resection specimen (Martin
et al., 2019) (Table S7) and tested its fold enrichment in the
hypoxia subnetwork relative to the full BNs for each of the five
control and disease networks. In the control ileum, there was no
significant overlap between the hypoxia and enteric neural
subnetworks, and as expected, the enrichment between enteric
neural and hypoxia response was greater in the normal colon
than in the normal ileum, likely due to anaerobic lumen of
control colon (Fisher’s exact test [FET] 1.697, P value
0.0000002) (Colgan et al., 2016). In the IBD tissue, there was
a significant overlap, in the CD ileum (FET 1.507, P value
0.0000008), CD colon (FET 1.507, P value 0.0000008), and UC
colon (FET 1.5, P value 0.0027). CCL2 was not present in the
control ileum hypoxia subnetwork, where the overlap between
the hypoxia and enteric neural subnetworks was not significant.
However, CCL2 was present within the hypoxia subnetworks of
the other four networks, where the overlap with hypoxia and
enteric neural networks was significant (Fig. 7 A). This analysis
predicted the existence of a neuron-intrinsic hypoxia-CCL2 axis
in the inflamed ileum, as well as in the normal and inflamed
colon.

We then assessed the local network neighborhood structure
of CCL2, which comprised all gene nodes directly connected
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Figure 7. CCL2 subnetwork structure in IBD patients. (A) Hypoxia and inflamed enteric neuron subnetworks from CD ileum constructed in the following
BNs: control ileum, CD ileum, control colon, CD colon, and UC colon. FET was used to test enrichment with P < 0.05 as the cutoff. (B) CCL2 subnetworks
comprised of the CCL2 node that is extended out to include all directly connected nodes within three path lengths in the IBD (CD Ileum, CD colon, and UC colon)
and control (normal control colon) BNs. Present in normal control colon: ELF4, IRF4, SLAMF1, SLAMF7, and IFNG-AS1 (genes involved in Th17 immune responses)
(Cao et al., 2023); DAB2IP, GPR15, and ELMSANI (regulators of neuronal differentiation) (Chang et al.,, 2013; Takeo et al., 2016; Mondal et al., 2020); and MARK2
and TOMIL2 (involved in neurodegeneration) (Matenia and Mandelkow, 2009; Ou et al., 2021); or SEMA4B (axon guidance proteins) (Jian et al., 2014). Present in
inflamed CD ileum: IFGB5 (promotes neuronal apoptosis) (Guo et al., 2024), ZEB2 (promotes proliferation and differentiation of enteric neural precursor cells)
(Feng et al., 2024), FIBIN (a neurogrowth factor highly expressed in the brain) (Lakner et al., 2011), PDK2 (a key component for inflammatory pain pathogenesis)
(Jhaetal, 2015), MLKL (involved in ischemia-induced neuronal necroptosis-driven microglia/macrophage polarization) (Yang et al., 2018), and PDGFRA (a marker
for enteric neuron-associated fibroblast-like cells) (Kurahashi et al, 2011). Present in inflamed CD colon: NRPI (encodes neuropilin-1 and controls enteric
neuron connectivity) (Gonzales et al., 2020), NR2F1 (involved in neuronal differentiation and upregulated in aganglionic regions of Hirschsprung’s disease)
(Gomez Ramos et al., 2024; He et al.,, 2023), SAMSNI (regulates neural stem cell proliferation and promotes hypoxia-induced neuronal injury) (Wang et al,,
2023), ENTPD2 (expressed by enteric glia and regulates enteric neuron numbers and phenotype) (Grubisi¢ et al., 2019), and SGTB (promotes neuronal dif-
ferentiation and neurite outgrowth and is associated with neuronal apoptosis after neuroinflammation) (Vuong et al.,, 2019; Cao et al,, 2013). Present in inflamed
UC colon: DCN (extracellular matrix protein protecting from traumatic brain injury) (Oshima et al, 2024), SRGN (amplifies microglia-mediated neuro-
inflammation and exacerbates ischemic brain injury) (Qian et al., 2024), HTRAI (regulates neuronal differentiation, promotes HIF1a signaling, and is associated
with Alzheimer’s disease) (Qian et al,, 2024), KIRREL (involved in synaptogenesis, axon branching, and angiogenesis) (Baltar et al., 2024; Wang et al., 2024),
MCAM (involved in angiogenesis) (Jiang et al., 2012), and PRKAR2B (inhibits postsynaptic function of neurons) (Weise et al,, 2019).
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within three path lengths of CCL2 (Fig. 7 B). No gene nodes were
shared between colon control and IBD subnetworks, while some
conserved network structure was shared among IBD subnet-
works, possibly reflecting the differences between physiological
and inflammatory hypoxia. The rest of the nodes were specific to
each CCL2 subnetwork’s disease status and subset. Many genes
in CCL2 subnetworks of disease networks involve processes re-
lated to neurodegeneration, neural plasticity and neural differ-
entiation programs, adaptation to tissue hypoxia, fibroblast/
neuronal interaction, lympho- and angiogenesis, and extracel-
lular matrix and smooth muscle remodeling (Fig. 7 B). Taken
together, the identified gene nodes infer that human IBD is as-
sociated with remodeling processes of enteric neurons and re-
lated stromal cell types. They may predict novel biomarkers or
disease targets for further evaluation and prospective validation
in follow-up studies for disease types presenting with IBD in
remission with motility disorders. In summary, the cellular and
molecular pathways identified in our mouse studies are relevant
to human IBD, warranting further investigation.

Discussion

Our study established the pathogenesis of colitis-associated
postinflammatory GI dysmotility in a mouse model of transient
colitis. We revealed that prolonged colitis results in substantial
structural ENS remodeling that is pathological in the context of
postinflammatory GI dysmotility. ENS remodeling is driven by a
combination of partial neuronal loss caused by increased inci-
dence of programmed cell death and subsequent gain of enteric
neurons due to enhanced neurogenesis. Mucosal inflammation
leads to the neurogenic CCL2-driven monocyte recruitment into
the extra-mucosal myenteric plexus for the uptake and clear-
ance of likely damaged neurons. However, newly formed Mo-
MMs promote excessive neurodegeneration at the early
inflammatory phase followed by excessive ENS remodel-
ing, which we propose is a disproportionate ENS “repair” with
dysmotility as its functional outcome. Finally, we identify the
enteric neuron-intrinsic regulatory HIF-CCL2 axis that, when
targeted, restricts monocyte recruitment into the myen-
teric plexus, reduces ENS remodeling, and prevents post-
inflammatory GI dysmotility.

Prior studies have viewed MMs as sessile microglia-like
macrophages of mostly embryonic origin that switch their
gene signature to a neuroprotective M2 phenotype in response
to mucosal challenge (Gabanyi et al., 2016; Matheis et al., 2020;
De Schepper et al., 2019). Our study reveals that the extra-
mucosal myenteric plexus represents a dynamic cellular com-
partment along with the intestinal mucosa, and monocytes,
known to infiltrate the inflamed mucosa early in the disease, are
recruited in the myenteric plexus by activated enteric neurons.
Once in the myenteric plexus, monocytes rapidly engage in
functional interactions with enteric neurons and continue their
differentiation trajectory into tissue MMs. The phenotype of
newly recruited monocytes significantly differs from more
differentiated Mo-MMs, but both express pro- and anti-
inflammatory genes along with genes important for ENS
homeostasis and function, suggesting different contributions to
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ENS remodeling. Future studies will investigate the role of Mo-
MM-specific genes in ENS degeneration, regeneration, and
subsequent remodeling upon colitis. However, developing an
MM-specific Cre line will be necessary to avoid the impact on
mucosal macrophages.

In the myenteric plexus, only enteric neurons can directly
access the mucosa through their projected axons (Margolis et al.,
2016; Melo et al., 2020; Fung et al., 2025), suggesting they di-
rectly sense mucosal inflammation. Our study demonstrates in
vivo that in the context of inflammatory responses, the mucosal
and myenteric plexus compartments are functionally inter-
connected despite their anatomical separation and highlight
the unique role of enteric neurons in connecting these com-
partments through CCL2 chemokine production. However, the
specific functional and neurochemical identity of myenteric
neurons involved in sensing mucosal inflammation remains to
be elucidated. Moreover, the neurochemical phenotype of newly
generated neurons in colitis has yet to be characterized. Colitis
has been shown to induce long-lasting changes in the intrinsic
motor circuitry of the colon in response to inflammation (Mawe,
2015), but it needs to be determined whether newly derived
neurons functionally integrate into the established motor cir-
cuits. The precise identity of the Nestin* progenitor responsible
for generating enteric neurons also remains to be elucidated.
However, a branching model proposed for ENS development
(Laddach et al., 2023) suggests the possibility of a common lin-
eage between adult enteric neurons and glia. Finally, the impact
of mucosal inflammation on the submucosal plexus warrants
further investigation.

Enteric glia are essential components of the ENS, inter-
connected with enteric neurons (Seguella and Gulbransen,
2021). Neuroglial bidirectional communication shapes enteric
neurocircuit output, and hyperactive glia have been linked to
postinflammatory dysmotility by driving aberrant neuronal
excitation (Seguella et al., 2025). In our study, colitis induced an
increase in Nestin* glia-like cells, suggesting reactive gliosis.
However, enteric glia were not included in our analysis, high-
lighting a critical gap for future studies. Whether enteric glia
contribute to plexitis in colitis remains untested. Interestingly,
enteric neurons upregulate Illa in response to LPS stimulation
in vitro (Fig. S9 I), suggesting a potential local amplification loop
that may involve glial cells.

The HIF pathway, a mechanism of cellular adaptation to
hypoxic stress, has been shown to play a protective role in
DSS colitis, with an intrinsic role in the intestinal epithelium
(Karhausen et al., 2004; Robinson et al., 2008). Our study
highlights the protective role of HIF signaling in pathological
ENS remodeling, which is in line with genomic and tran-
scriptomic data generated from the intestinal tissue of thousands
of IBD patients. Based on these findings, pharmacologically
enhancing the HIF pathway could be a therapeutic strategy in
IBD to prevent postinflammatory GI dysmotility and improve
gut health by limiting excessive ENS remodeling driven by
inflammatory MMs, especially in early disease stages. The HIF
pathway promotes glycolysis; in turn, its activity is tightly
controlled by the metabolic state of the cell (Sharp and
Bernaudin, 2004), with metabolites including lactic acid and
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succinate that stabilize HIFla (Tannahill et al., 2013; Sanmarco
et al., 2023). This opens up new possibilities for metabolically
regulating HIFs in gut inflammation, potentially through dietary
supplementation or engineered probiotics (Sanmarco et al.,
2023), to modulate the HIF pathway, control gut inflammation,
including within the ENS, and ultimately reduce IBD-associated
GI dysfunctions, thereby improving the quality of life of IBD
patients.

Study limitations

For GI motility readouts, we focused on in vivo assays to directly
link the functional changes with inflammatory readouts and
biological tissue findings in the same animals. Although whole
gut transit measurements in mice, like Carmine red leading-
edge transit that we used, do not pinpoint the exact defect in
intestinal motility, they “form the cornerstone of in vivo pre-
clinical GI motility studies” (Kacmaz et al., 2021; Camilleri and
Linden, 2016). Future studies should more precisely assess GI
motility defects in our disease models.

Our mouse disease system modeled human relapsing-re-
mitting colitis to study postinflammatory dysmotility. However,
we were unable to validate our murine findings in IBD patients
with quiescent disease and postinflammatory dysmotility be-
cause of the difficulty obtaining transmural biopsies from these
patients. Instead, we showed that ENS remodeling is also rele-
vant to refractory IBD. Interestingly, we found no impact of the
neuron-to-macrophage CCL2 axis on mucosal inflammation, but
Ccl22Neu mice regained their body weight after colitis faster than
Ccl2-sufficient mice (Fig. S6 G), suggesting a possible link be-
tween ENS remodeling and other GI functions. Patients with
dysmotility are more likely to have dysbiosis (Collins, 2014) and
indigestion-related issues (Rasmussen et al., 2015), both with the
potential to destabilize intestinal homeostasis and, hypotheti-
cally, predispose to disease flares, which may explain why IBS is
a risk factor for IBD (Olbe, 2008). Future studies should inves-
tigate the link between ENS remodeling and IBD progres-
sion. Further investigation into the mechanisms driving
disease-induced ENS remodeling may offer broader in-
sights into inflammation-driven tissue remodeling pro-
cesses, including fibrosis, stenosis, and vascular changes
characteristic of refractory IBD.

Materials and methods

Experimental animals

WT B6 mice were obtained from Charles River Laboratories.
110/~ (B6.129P2-1110'™C9"/]; #002251; Jackson Laboratory
[JAX]) (Kihn et al., 1993), NestinER-Cre (B6-Tg(Nes-cre/
ERT2)KEisc/]; #016261; JAX) (Lagace et al., 2007), ActlebCre
(Tg(Actleb-Cre)4092Jiwu/J; #027826; JAX) (Zhan et al., 2015),
Rosa26-STOPY/ftdTomato (B6.Cg-Gt(ROSA)26Sortm14(CAG-tdToma-
to)Hze /], 4007914; JAX) (Madisen et al., 2010), Ccr2RF?/-
REPCx3cr]GFP/GFP (B6.129(Cg)-Cx3crltmilitt Ceratm2.1ife/Jern];
#032127; JAX) (Jung et al., 2000; Saederup et al., 2010), Ccr2ER-
Cre/ER-Cre (B6_Ccrzerrﬂ(icre/ERTZ)Peng/]; #035229; ]AX) (Xu et al.,
2020), SLICK-HER-Cre (Tg(Thyl-cre/ERT2,-EYFP)HGfng/PyngJ;
#012708; JAX) (Young et al., 2008), Ccl2-RFP/fl (B6.Cg-

Kurapati et al.
Monocytes remodel the enteric nervous system

22 JEM
QD D
03'-

Cclotmi1Pame/T. +016849; JAX) (Shi et al, 2011), Mydsgl/f
(B6.129P2(SJL)-MydsgtmiPefr/1; +008888; JAX) (Hou et al., 2008),
Hiflaf/? (B6.129-Hifla"3R9°/]; #00756; JAX) (Ryan et al., 2000),
and VhI/f (C;129S-Vhi™Yee/]; #004081; JAX) (Karhausen et al.,
2004) mice were purchased from the Jackson Laboratory. Since
male mice were shown to be more susceptible to DSS-induced
colitis (Babickova et al., 2015), only adult females between 5 and
8 wk of age were used. To minimize the role of genetic back-
ground, and reduce cage effects and differences in microbiota,
cohoused littermates were used. Mice were maintained in spe-
cific pathogen-free conditions with food and water provided ad
libitum. All animal experiments were performed in accordance
with and approved by the Institutional Animal Care and Use
Committees at Penn State University College of Medicine, Her-
shey, PA, USA, the University of Massachusetts Chan Medical
School, Worcester, MA, USA, and Johns Hopkins University
School of Medicine, Baltimore, MD, USA.

Colitis induction

To induce colitis, mice received 2-4% DSS in sterile drinking
water for 5 days and then switched to sterile drinking water for 5
days. This constituted 1 cycle of DSS treatment (1xDSS). For most
experiments, mice were given 3 cycles of DSS (3xDSS) followed
for up to 60-80 days of post-colitis recovery period. Control mice
received sterile drinking water throughout the experiment. For
analysis, mice were euthanized on days 5-8 for an early acute
colitis phase and days 60-80 for the recovery phase after start-
ing the DSS treatment regimen. For spontaneous colitis, mice
received sterile drinking water from the weaning stage and were
monitored weekly for body weight and clinical symptoms until
they presented with rectal prolapse indicating progressive co-
litis. To mitigate microbiota-related variability, Cre* and Cre-
littermates on DSS were housed together in the same cages.

Inducible gene depletion and cell-fate mapping in vivo
Inducible Cre mice and corresponding controls were orally
gavaged with 20 mg/ml of tamoxifen (T5648-5G; Sigma-Aldrich)
dissolved in corn oil to induce Cre recombinase expression.
Before starting the 1xDSS or 3xDSS treatment regimens, mice
received two 5-day cycles of tamoxifen with a 5-day break be-
tween each cycle. After starting the DSS treatment, mice were
given two consecutive gavages every 10 days until the end of the
experiment. To trace Mo-MMs, tamoxifen was given for 4 days
before the start of the DSS treatment and then given on alternate
days until analysis.

LPS treatment in vivo

To induce a systemic inflammatory response in vivo, mice were
injected with sterile 1xPBS containing LPS (10 mg/kg, #L2630;
Sigma-Aldrich) or 1xPBS alone intraperitoneally (i.p.) 6 h before
the analysis.

HIF1a inhibition in vivo

To inhibit HIFla in vivo, B6 mice were injected with PX-478
(#202350; MedKoo Biosciences) in sterile 1xPBS i.p. daily for
3 days before the start of DSS treatment at a dosage of 25 mg/kg,
which was then continued daily throughout the DSS cycle until
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analysis at week 1 (Schwartz et al., 2009; Li et al., 2021). Control
mice were given i.p. injections of sterile 1xPBS daily until
analysis.

Detection of tissue hypoxia

To detect hypoxic cells in vivo during colitis, the EF5 Hypoxia
Detection Kit that included EF5 reagent and EF5-specific anti-
body (EF5-30A4; EMD Millipore) was used (Koch, 2002). Briefly,
at week 1, 3 h before euthanasia, control and DSS-treated mice
were retro-orbitally injected with 10 nM of EF5 compound.
Harvested colons were washed with complete HBSS (HBSS
with 2% FBS) containing dithiothreitol (DTT), rolled into “Swiss
rolls,” embedded into optimal cutting temperature (OCT) com-
pound, and snap-frozen at -80°C. Eight-um tissue cross-sections
of the frozen Swiss roll tissue were fixed in 4% paraformalde-
hyde (PFA), blocked, and stained with the antibody specific to
Hu (1:500, clone EPR19098; Abcam, stains neuronal somas)
followed by donkey anti-rabbit Cy3 secondary antibody (1:800,
Jackson ImmunoResearch) and DAPI. Tissue sections were re-
fixed with 4% PFA, blocked, stained with Alexa Fluor 488-con-
jugated EF5 antibody (clone ELK3-51, 150 pg/ml), and mounted
onto histological slides with Prolong Diamond Antifade mount-
ing medium (#P36965; Thermo Fisher Scientific). To detect
HIFla-expressing neurons, 8-um tissue cross-sections of the
colon Swiss rolls frozen in OCT were fixed in 4% PFA, blocked,
and stained with HIFla antibody (1:100 dilution, rabbit clone
DIS7W, Cell Signaling), and serum was collected from a sero-
positive patient with a confirmed high titer of type 1 anti-
neuronal nuclear antibody (ANNA-1) specific to Hu (stains
neuronal somas, reactive to mouse and human, 1:1,000 dilution;
ANNA-1-containing serum was provided by Dr. Sean J. Pittock,
Mayo Clinic, Rochester, MN, USA). This was followed by
staining with a mixture of fluorochrome-conjugated sec-
ondary antibodies raised in donkey against rabbit and hu-
man immunoglobulin, and DAPI. Tissue mounting was
done as described earlier.

Total Gl transit time assay

Total GI transit time assay was performed as we described pre-
viously (Muller et al., 2014). Briefly, 3 days prior to the assay,
mice were acclimated by being individually housed with hy-
drogel and no bedding, and fasted for the duration of the assay.
On the assay day, mice were given 300 pl of sterile water con-
taining 6% carmine red (Sigma-Aldrich), 0.5% methylcellulose
(Sigma-Aldrich), and 0.9% NaCl by intragastric gavage, and fecal
pellets were examined for the first appearance of the red dye.
Total GI transit time was calculated as the time between gavage
and the appearance of the first red fecal pellet.

Sample and tissue collection

To monitor luminal lipocalin-2 levels, fecal pellets were collected
weekly and at the end of the experiment, resuspended in 1xPBS,
and stored at -80°C for later analysis. Blood was drawn by
cardiac puncture to analyze blood monocyte populations by flow
cytometry. Colons were processed as we described previously
(Koscso and Bogunovic, 2016; Koscso et al., 2015). Briefly, har-
vested colons were cleaned and washed using complete HBSS
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containing DTT and EDTA to remove mucus and epithelial cells.
Colonic muscularis externa was mechanically separated from
the mucosa and submucosa as described previously (Koscso and
Bogunovic, 2016; Koscso et al., 2015).

Tissue processing for immunofluorescence

A 5-mm-long piece of the muscularis externa from the mid-
colon was excised and fixed with 4% PFA. For experiments
comparing neurogenesis in different colon regions, 5-mm-long
pieces of the muscularis externa were also excised from the
proximal colon. Tissues expressing fluorescent proteins from
various reporter mice (Ccl2-RFP?/!! mice containing mCherry,
Actl6bCre/*Rosa26-STOPY/tdTomato mice, Nestin®R-Cr®Rosa26-
STOPYftdTomato mice, SLICK-HERCreRosa26-STOPYftdTomato
mice and Ccr2ER-Cre/ER-CreRos26-STOPY/AtdTomato mice contain-
ing tdTomato, and Ccr2RF*/*Cx3crISF*/+ mice containing RFP and
GFP) were fixed with 4% PFA containing 20% sucrose to preserve
the fluorescent proteins. After fixation, tissue was stored in
1xPBS containing 30% sucrose at 4°C until immunofluo-
rescence staining.

Human intestinal tissue
Deidentified full-thickness intestinal specimens surgically re-
moved from 4 patients with CD and 2 non-IBD control patients
with CRC undergoing colectomy were provided by the UMass
Center for Clinical and Translational Science Biorepository un-
der an approved IRB protocol and after informed consent. For
CD, noninflamed and inflamed regions were provided for each
patient. For two CD patients, large bowel tissue from non-
inflamed and inflamed regions defined macroscopically by a
Board-certified pathologist was provided. For one CD patient,
the noninflamed sample was from colon, while the inflamed
sample was from the terminal ileum (the terminal ileum sample
was excluded from further analysis). For CRC patients, normal
large bowel regions adjacent to tumors were used as a control.
Received tissue samples were rinsed with 1xPBS, fixed with
4% PFA, and incubated in 1% PFA with increasing concentrations
(10, 20, and 30%) of sucrose. Next, tissues were incubated in a 1:
1 mixture of OCT and 1% PFA containing 30% sucrose and em-
bedded in OCT compound before freezing at -80°C.

Immunofluorescence

Mouse whole tissue

Fixed 5-mm piece of intact muscularis externa was washed with
1xPBS, blocked in 1xPBS containing 2% BSA and 1% Triton X,
stained with a specific primary antibody cocktail, washed again,
and stained with a mixture containing DAPI and a combination
of fluorochrome-conjugated antibodies raised in donkey against
rat, goat, rabbit, chicken, human, or Armenian hamster. Stained
tissues were mounted on histological slides with Prolong Dia-
mond Antifade mounting medium. To stain cells of the myen-
teric plexus, antibodies specific to mouse Hu (stains neuronal
somas, 1:500, clone EPR19098; Abcam), BIII-tubulin (stains
nerve fibers, 1:250, rabbit or chicken polyclonal, Abcam), PGP9.5
(stains entire neurons, 1:500, clone EPR4118; Abcam), SI00p (stains
glial cells, 1:250, rabbit polyclonal, Proteintech), CD31 (stains
endothelial cells, 1:200, clone MEC7.46; Novus Biologicals), and

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20251761

920z aunr €0 uo 3senb Aq ypd ‘T9.15202 Wa [ /4€9.20Z /T9.1G20Z® /¥ /€22 /4pd -8 |0 11 ue wa [ /6o "sseidni//:d 13y wo iy papeo jumeq

19 of 29



MHCII I-A/I-E (stains MMs, 1:100, clone MS/114.15.2; Bio-
Legend) were used. Serum containing ANNA-1 (specific to
Hu, 1:1,000) was also used when indicated. Antibodies
specific to tdTomato, RFP, or mCherry (1:250, goat poly-
clonal, OriGene) and for GFP (1:100, clone FM264G; Bio-
Legend) were used to amplify the signal of endogenously
expressed fluorescent reporter proteins. To stain apoptotic
neurons, fixed colonic muscularis externa was blocked in
1xPBS containing 5% donkey serum, 0.3% Triton X, and 1%
penicillin-streptomycin, then stained with primary anti-
bodies specific to CC7 (Nozaki et al., 2022) (1:250, clone Asp
198; Cell Signaling), BIII-tubulin, and ANNA-1 followed by
staining with fluorochrome-conjugated secondary anti-
bodies and mounting as previously described. To stain
CCL2-expressing cells, 0.25 mg of brefeldin A (Enzo Life
Sciences) was i.p. injected into DSS-treated mice 6 h before
euthanasia. Colons were harvested, processed, and fixed as
described above. 10 pg/ml of brefeldin A was maintained in
all buffers until the blocking step (Koscso et al., 2020). Fixed
tissues were blocked, and stained with a primary antibody
cocktail containing antibodies specific to RFP, Hu, and
MHCII followed by washing, staining with fluorochrome-
conjugated secondary antibodies, and mounting on histo-
logical slides.

Mouse tissue sections

To detect newly generated neurons along the entire length of
the colon, 8-um tissue cross-sections of colonic Swiss rolls
from tamoxifen-treated Nestin™® C**Rosa26-STOP!/ltdTomato
mice and control mice were fixed as mentioned previously.
Sections were blocked and stained with a primary antibody
cocktail containing antibodies specific to mouse Hu and RFP.
Sections were then stained with secondary antibody cocktail
containing fluorochrome-conjugated antibodies raised in don-
key against rabbit and goat, and DAPI, and then mounted on
histological slides.

Human tissue sections

10-pum-thick intestinal tissue cross-sections were blocked with
5% normal donkey serum in 1xPBS containing 0.05% Triton X.
Sections were stained with primary antibodies specific to mouse
Hu (1:250), BIII-tubulin (1:250), and human HLA-DR (1:250, LN-
3; Leica/Novocastra) followed by staining with a cocktail of
DAPI and fluorochrome-conjugated secondary antibodies and
mounting on histological slides. To detect CCL2 expression in
neurons, 10-pm-thick intestinal tissue cross-sections were
blocked with 5% normal goat serum in 1xPBS containing 0.01%
Triton X, stained with primary antibody specific to mouse CCL2
(1:100, mouse monoclonal, 2D8; Sigma-Aldrich) and Hu (1:250),
or mouse IgGl, isotype control (BD Biosciences) followed by
staining with secondary antibodies and mounting on histo-
logical slides as previously described.

Microscopy

Whole muscularis externa or cross-sections of mouse colons
were imaged using the Leica HC PL APO CS2 10x/0.4 NA ob-
jective at1.136 x 1.136 pm pixel size or 0.568 x 0.568 pum pixel size
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on the Leica SP8 confocal microscope. The Leica HC PL APO CS2
20%/0.75 NA objective was used at 0.284 x 0.284 pm pixel size on
the Leica SP8 confocal microscope for primary adult mouse
neuronal cultures. For 3D imaging of neuron-macrophage in-
teractions, the Nikon CFI75 Apo LWD 25x W 1.1 NA objective on
the Nikon AIR multiphoton was used. The 10x and 20x water
immersion and 63x oil immersion objectives on the Nikon AIR
multiphoton microscope were used. All images were processed
using Volocity 7 and 6.3.1, Quorum Technologies Inc, and Imaris
Viewer, Oxford Instruments. Human tissue sections, mouse
tissue sections, and primary adult mouse neuronal cultures were
imaged using a 20x 0.75 NA Zeiss Plan Apo objective on the
TissueGnostics TissueFAXS SL Q slide scanning microscope.
Images were acquired in fluorescence mode, and focus points
across the selected region were determined using the DAPI
channel. Acquired images were processed using StrataQuest,
TissueGnostics, Inc.

Image analysis to quantify ENS remodeling

Confocal microscopy of mouse myenteric plexus

ENS remodeling was assessed by automated analysis of XY im-
ages of intact myenteric plexus from mouse colons generated by
confocal microscopy to quantify the (1) total number of Hu*
neurons, (2) number of Hu* neuron clusters, (3) number of Hu*
neurons per cluster, (4) number of IGFT regions, (5) IGFT region
size, (6) number of contacts between MMs and neurons, and (7)
total MHCII* MM area per field of view (FOV) using Volocity.
Volocity quantitation package was used to create specific mea-
surement protocols based on parameters like standard deviation
intensity, size, channel, and region of interest (ROI). All data
were normalized to mm?. For all experiments, 5-8 FOVs were
analyzed per mouse and each experiment had n = 3 mice
per group.

Neuron and ganglion identification criteria were adapted
from the methodology previously described (Kulkarni et al.,
2017; Kulkarni et al., 2023; Young et al.,, 1993; Zhou et al.,
2013). Briefly, an intact ganglion or a smaller cluster of neurons
was defined as a contiguous group of 2 or more Hu * neurons
separated from other Hu* neurons by a distance = the diameter
of at least 2 neurons. The neuronal ganglion or cluster must also
be surrounded by BIII-tubulin* nerve fibers. Neuron counts per
cluster were defined as the number of Hu* neurons in a ganglion
or cluster. Changes to the organization of nerve fiber architec-
ture of the myenteric plexus were assessed by counting the
number and measuring the area of the rounded spaces between
Hu* myenteric ganglia and BIII-tubulin® intraganglionic fiber
tracts that we referred to as IGFT regions. Reduction of total Hu*
neuron counts correlated with the increase in neuronal cluster
counts and reduced number of neurons per cluster indicative
of neuronal loss and fragmentation of the ganglia. Changes in
IGFT region counts and IGFT areas reflected loss or gain of IGFTs.
In active colitis, we observed a decrease in IGFT region counts
and an increase in their area along with reduced Hu* neuron
counts, increased neuronal cluster counts, and fewer neurons
per cluster and interpreted it as neuronal loss and neuro-
degeneration. In late post-colitis phase, an increase in IGFT
counts and a decrease in their area correlated with partial
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recovery of Hu* neuronal counts, decreased neuronal cluster
counts, and more neurons per cluster that was interpreted as
neural regeneration and neurogenesis. A combination of all
readouts was the most informative, with the total number of
neurons being more variable across the fields and requiring a
higher sample size.

MMs were identified as MHCII* cells and were quantified by
measuring the total signal intensity area (i.e., total MHCII* area).
Colocalization of MHCII* signal with Hu* signal was defined
as contacts and was measured by identifying the MHCII sig-
nal and colocalization of it with the Hu* signal and con-
versely. Both ways of quantification were found to be similar
and comparable.

Multiphoton microscopy of mouse myenteric plexus

Automated analysis of z-stack multiphoton images was done to
quantify the (1) number of Hu* neurons, (2) number of MHCIIT*
MMs, (3) number of contacts between MHCII* MMs and Hu*
neurons, and (4) Hu* neuronal signal inside MHCII* MMs that
measured uptake of neuronal cellular components by MMs, per
FOV using Volocity. All data were normalized to mm?. For all
experiments, 5-8 FOVs were analyzed per mouse and each ex-
periment had n = 3 mice per group.

Confocal microscopy of tissue sections

To quantify hypoxic neurons in mouse intestinal tissue sec-
tions, immunofluorescence images were used to determine
the percentage of EF5* Hu* neurons per ganglion manually.
Automated measurement of Hu* ganglion counts and size
was performed using StrataQuest v7.1.1.143. Data were nor-
malized to mm?.

ENS remodeling in human large bowel cross-sections

Analysis of immunofluorescence images was performed us-
ing a StrataQuest v7.1.1.143 analysis pipeline that was de-
veloped to quantify the (1) total area of HLA-DR* signal per
ROI indicating inflammation, (2) total area of BIII-tubulin*
signal per ROI indicating innervation, and (3) area of Hu*
neuronal ganglia. To avoid quantitation errors due to folds in
tissue sections, a machine-learning algorithm was used.
Briefly, areas with folds and areas without folds were iden-
tified by hand in multiple images from the dataset. Manually
identified regions were then used to train the classifier to
identify areas with folds. Any region identified as a fold
was masked out of the image before analysis was conducted.
DAPI channel was used to identify nuclei. Hu* neurons were
manually counted within each ganglion to calculate the density
of Hu* neurons per ganglion area (neuron density). All data were
normalized to mm?.

Flow cytometry and cell sorting

Freshly isolated colonic muscularis externa or mucosa with
submucosa was subjected to enzymatic digestion to obtain
single-cell suspensions as we described previously (Koscso and
Bogunovic, 2016; Koscso et al., 2015). The number of total live
cells in suspension was calculated using a hemocytometer. These
total cell counts were used to calculate absolute counts of
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different subsets. Blood samples were subjected to red blood
cell lysis. Obtained single-cell suspensions were stained with
antibodies for cell-specific markers.

Antibodies

All antibodies were purchased from BioLegend unless indicated.
To stain neurons, antibodies specific to mouse CD24 (clone M1/
69; BD Biosciences) and CD90.2 (clone 53-2.1; BD Biosciences)
were used. To stain monocytes and macrophages, antibodies
specific to mouse CD45 (clone 30-F11), CD1lb (clone M1/70),
CDlic (clone N418), CD16/32 (clone 93), Lyé6c (clone HK1.4), and
MHCII I-A/I-E (clone MS/114.15.2) were used. To stain neu-
trophils, an antibody specific to mouse Ly6g (clone 1A8) was
used. To stain B cells and T cells, antibodies specific to mouse
B220 (clone RA3-6B2) and CD3 (clone 145-2C11; Thermo Fisher
Scientific) were used. For live-cell staining, either DAPI (Bio-
Legend) or Aqua fluorescent reactive dye (Invitrogen) was used.
For intracellular staining of PGP9.5 expressed by enteric neu-
rons, fresh cells were first stained for cell surface markers, fixed
using the BD Cytofix/Cytoperm Fixation/Permeabilization So-
lution Kit, and then stained with antibody specific to mouse
PGP9.5. All stained samples were acquired on BD LSRII flow
cytometers.

Gating strategy

In the mucosa with submucosa, immune cell subsets were ana-
lyzed using a published gating strategy (Koscso et al., 2015;
Koscso et al., 2020; Koscso and Bogunovic, 2016). In the mus-
cularis, CD90*CD24* neurons and all other nonneuronal, non-
immune cells (CD90*, CD24*, CD90-CD24 subsets) were defined
by gating on CD45- live cells. In line with a prior report
(Windster et al., 2023) on human neurons, SSC/FSC nonnu-
cleated cell debris was excluded. To minimize neuronal con-
tamination with other cell types, particularly glia, a strict singlet
gate was applied. Immune cell subsets were defined by gating on
CD45* live singlets. Total CD45* lymphocytes were defined as
CD45*CD11b- cells. M-T cells were defined as CD45*CD11b-CD3*
cells. CD45*CD11b* myeloid cells were divided into M-PMNs
defined as SSC-AMCD16/32" (Ly6g™ and Lyég*) cells and MMs
defined as SSC-Al*Ly6g-CD16/32* cells. MMs were further
divided into additional subsets based on the combination of Ccr2-
RFP, Cx3crl-GFP, and cell surface binding of Lyé6c and MHCII
antibodies as shown in the Results.

Flow cytometry analysis

Data analysis was performed using FlowJo software (Flow]Jo
LLC). Ccr2RFP/+Cx3crI®FP/* reporter mice were used to perform an
unbiased comparative analysis of immune cell subsets of the
muscularis externa. All CD45* events were concatenated group-
wise. Unsupervised t-distributed stochastic neighbor embed-
ding (t-SNE) analysis was performed with Flow]Jo t-SNE plugin
set to 6 phenotypic markers (CD11b, CD16/32, Cx3cr1-GFP, Ccr2-
RFP, Ly6c, and MHCII) and used the following settings: auto
(opt-SNE)-learning algorithm with approximate (random pro-
jection forest-ANNOY) K-Nearest Neighbors (KNN) algorithm
(Belkina et al., 2019) and Fast Fourier Transform (FFT) Inter-
polation (flt-SNE) gradient algorithm.
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Sorting of MMs

Ccr2RFP/+Cx3cr1CFP/* reporter mice were used to sort MM subsets
for bulk RNA-seq. Colonic muscularis externa was isolated from
cohorts of 3-5 DSS-treated and 3-5 water-treated mice at week
1 time point. Muscularis single-cell suspensions from 5 mice
were pooled per condition and represented one replicate. Spe-
cific MM subsets were isolated by FACS. In total, 5 such repli-
cates were prepared representing 5 independent cell sorting
experiments. Cell sorting was done as we described previously
(Koscso and Bogunovic, 2016; Koscso et al., 2015). Cells were
stained with a combination of CD45, CD11b, CD16/32, Lyéc, and
MHCII antibodies. MMs were defined as CD45*CD11b*CD16/
32+ viable singlets, and MM subsets were sorted by a four-
way sort using the BD FACSAria Fusion flow cytometer. Based
on Ccr2-RFP expression, MM subsets were broken down into
CCR2*MHCII- (subset 1), CCR2*Ly6c*MHCII* (subset 2),
CCR2*Ly6cMHCII* (subset 3), CCR2-Ly6c MHCII+ (subset 4),
and CCR2-MHCII- (subset 5) subsets. Between 5,000 and 10,000
cells of subsets 2, 3, 4, and 5 were sorted from control mice, and
subsets 1, 2, 3, and 4 were sorted from DSS mice, based on cell
frequency.

Sorting of neurons

Single-cell suspensions were prepared from the muscularis of
WT Bé6 mice with or without colitis. Nonimmune cells were
defined as CD45- viable singlets. CD90*CD24" neurons and other
CD45" cells (pooled CD24-CD90*, CD90-CD24", CD90-CD24~
stromal cell subsets) were subjected to a 4-way sort using the BD
FACSAria Fusion flow cytometer. Sorted cells were collected in
RPMI with 10% FBS and stored in TRIzol at -80°C for further
processing and analysis.

RNA isolation and gene expression analysis

Total RNA was extracted from sorted cells, 3-mm? piece of
muscularis externa tissue, and primary adult enteric neuron
cultures using TRIzol extraction protocol as described previ-
ously (Koscso et al., 2020). RNA was reverse-transcribed
using RNA-to-cDNA EcoDry premix (Takara Bio). Gene
expression was measured using Power SYBR Green PCR
Master Mix (Life Technologies) on a Bio-Rad gPCR instrument.
Ccl2 (Mm.PT.58.42151692), Vegfa (Mm.PT.58.13368357), Csfl
(Mm.PT.58.11661276), Illa (Mm.PT.58.32778767), Hifla
(Mm.PT.58.12608714), Elavi3 (Mm.PT.58.30335452), Elavl4
(Mm.T.58.33020194), Uchll (Mm.PT.58.32038186), s100b
(Mm.PT.58.30112765), and Actb (IDT 419680055, 419680054)
PrimeTime gPCR primers were purchased from Integrated DNA
Technologies. Gene expression levels were calculated by nor-
malization to Actb and shown as fold change over the control
group or population described in the figure legends. Cq (Quan-
tification cycle) values for Actb for each cell culture condition
were used as an indirect measurement of cell viability in culture.

mRNA-seq

Total RNA was isolated from sorted cell populations as described
previously. cDNA libraries were prepared using the QuantSeq 3’
mRNA-seq Library Prep Kit FWD for Illumina (Lexogen) fol-
lowing the manufacturer’s instructions. Briefly, RNA-seq
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libraries were prepared using Lexogen’s QuantSeq 3' mRNA-seq
V2 Library Prep Kit Forward (FWD) with 12-nucleotide Unique
Dual Indices following the manufacturer’s instructions for low-
input RNA library prep. One nanogram of total RNA was
reverse-transcribed using oligo (dT) primers. The second cDNA
strand was synthesized by random priming followed by cDNA
purification and library amplification using Lexogen’s 12-nt
Unique Dual Indices and 24 cycles. The libraries were ana-
lyzed for size distribution and concentration using the Bio-
analyzer High-Sensitivity DNA kit (Agilent Technologies).
Libraries were pooled at equimolar concentrations and
sequenced on NovaSeq 6000 (Illumina) to get ~5 million
paired-end 50-bp reads.

RNA-seq analysis of sorted MM subsets

To analyze data generated from mRNA-seq of sorted MM sub-
sets, FastQC (v0.11.9) was used to compute basic statistics and
check quality control (QC) of paired reads from RNA-seq
(Germain et al., 2021). The results showed that R2 of the
paired reads has overall low quality, and considerable number of
overrepresented repetitive sequences; thus, only Rl reads were
used for further analysis. Trimmomatic (v0.36) was used to
trim low-quality parts of reads (Bolger et al., 2014). STAR
(v2.7.5b) was used to align reads to GRCm39 (Dobin et al.,
2013). Reads counts for each gene were summarized using
RNA-SeQC (v2.1.0) (Graubert et al., 2021). Contribution of
covariates to the variance was investigated using variance-
Partition (v1.32.2) (Hoffman and Schadt, 2016). The DEGs
were identified by limma-voom model implemented in edgeR
package (v4.0.14) (Robinson and Smyth, 2007). The signature
for each macrophage subset was generated by taking the
union of all differential expression signatures (including up-
and downregulated) from pairwise comparison of each sub-
set to all other subsets. Additional DEG signatures include
DSS versus water control for each subset and comparisons of
specific pairwise DSS subgroups. The cutoff for significance
was less than the adjusted P value 0.05 and greater than log
fold change 1.5 or less than -1.5. The heatmap was generated
using heatmaply (v1.5.0) (Galili et al., 2018). Pathway anal-
yses were conducted using Enrichr (v3.2) (Kuleshov et al.,
2016) and David (Huang et al., 2009; Kuleshov et al., 2016;
Sherman et al., 2022).

scRNA-seq of muscularis externa

Single-cell suspensions were made from the muscularis externa
of the colonic muscularis externa isolated from 11-wk-old adult
WT B6 mice as described previously (Kulkarni et al., 2017;
Kulkarni et al., 2023). The separated muscularis externa was
digested, filtered, and resuspended into maintenance solution
containing Opti-MEM with GlutaMAX, B27 supplement, acti-
nomycin D, and RNase inhibitor. Filtered single-cell suspensions
were assessed for viability and cell counts using Trypan Blue and
Cell Countess (Invitrogen). The library was prepared using
Chromium Next GEM Single Cell 3’ kit v3.1 (10x Genomics) at a
read depth of 20,000/cell and was sequenced using the NovaSeq
6000 (Illumina) by the Johns Hopkins Single Cell Sequencing
Core.
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Transcriptome analysis of muscularis externa by scRNA-seq
To analyze data generated from the scRNA-seq of muscularis
externa, raw 10x read processing and QC raw sequence reads
were quality-checked using FastQC (v0.11.9) software (Andrews,
S. [2010]. FastQC: A Quality Control Tool for High Throughput
Sequence Data [Online]. Available online at: https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/). The Cell
Ranger version 7.0 software suite from 10x Genomics was
used to process, align, and summarize unique molecular
identifier (UMI) counts against the mouse GRCm38 assembly
reference genome analysis set, obtained from https://www.
10xgenomics.com. Filtered count matrices from Cell Ranger
were imported into R (version 4.3.2) for further processing.
Low-quality cells were filtered, such as cells for which a high
percentage of UMIs originated from mitochondrial features
(>20%) and cells with <200 expressed genes. Three methods,
Doubletfinder (v2.0.4) (McGinnis et al., 2019), Scds (v1.18.0)
(Bais and Kostka, 2020), and scDblFinder(v1.16.0) (Germain
etal., 2021), were applied to detect doublets, and doublet cells
identified by at least two methods were filtered. Median ab-
solute deviation method was used to derive a cutoff for the
maximum number of genes in the cell. After filtering, 34,417
cells were left, and used for further analysis. The Seurat R
package (version 5.0) was used for normalization. Harmony
(v1.2) was used for integration and plotting (Butler et al.,
2018; Hao et al., 2024). Slingshot (v2.10) was used for tra-
jectory and pseudotime analysis (Street et al., 2018). CellChat
(v2.1.2) was used to predict cell-to-cell communications be-
tween macrophage clusters and neurons (Jin et al., 2021).
To assess the relevance of the MM-neuron crosstalk from the
intestine of normal WT mice in the DSS setting, the single-cell
MM-neuron interaction gene list determined by CellChat and
DSS variance signature enrichment in mouse co-expression
network was performed using FET.

IBD patient cohort gene expression analysis

BNs

BNs can capture fundamental properties of complex systems
in states that give rise to complex (diseased) phenotypes. We
and others have successfully identified and validated a large
number of novel targets using these derived network models
in various complex diseases, such as diabetes, Alzheimer’s
disease, and IBD. Individual BNs were constructed from RNA
sequence data generated on intestinal biopsy specimens and
DNA SNP panels from the Mount Sinai Crohn’s and Colitis
Registry (MSCCR) UC, CD, and control cohorts (Argmann
et al., 2021; Sudrez-Farifias et al., 2021) using their intesti-
nal expression quantitative trait locus information as
previously described (Peters et al., 2017). The BNs are region-
(leum/colon) and disease-specific and include both inflamed
and noninflamed biopsies. The MSCCR BN was reconstructed
using RIMBANet software as previously described and visual-
ized using Cytoscape 3.7. RIMBANet software is available with
step-by-step instructions. Final networks were decided with
Markov chain Monte Carlo simulation that creates thousands
of possible different networks, which were then combined to
form a consensus network (RIMBANET: Reconstructing
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Integrative Molecular Bayesian Network, Integrative Network
Biology Group [Zhu Lab], GitHub) (Zhu et al., 2008).

Hypoxia gene list

We curated a hypoxia gene list to represent a signature of genes
involved in hypoxia signaling combined from (Mojsilovic-
Petrovic et al., 2007) and Enrichr (Chen et al., 2013; Kuleshov
et al., 2016; Xie et al., 2021). To identify genes expressed in in-
flamed enteric neurons, we developed a method to generate cell
type-specific signatures using scRNA-seq from the previously
published dataset (Martin et al., 2019). We generated hypoxia
subnetworks in the following BNs: control ileum BN, CD ileum
BN, control colon BN, CD colon BN, and UC colon BN; and by
projecting each signature onto the BN, identifying all
overlapping nodes between the signature and the BN, then
extending out two path lengths, and extracting the largest
connected subnetwork using Cytoscape 3.10.2. To test for
enrichment of the signature in the subnetwork relative to
the full BN, we performed FET, using P value of <0.05 as a
cutoff.

Enteric neural signature

The scRNA-seq raw data were published in a prior publication
(Martin et al., 2019). We devised an analysis to generate a cell
type-specific identity signature for the inflamed enteric neuron
by using an unsupervised computational clustering approach
employing the Seurat package. Briefly, we generated a gene
expression profile for each cell type and/or subset after clus-
tering cells according to each cell type expression profile. Next,
we identified genes differentially expressed between inflamed
enteric neural cells and the other intestinal cell types in the in-
flamed IBD ileal tissue, as well as genes expressed above the
threshold for expression in the majority proportion of the in-
flamed enteric neural cells (Table S7).

CCL2 subnetwork analysis

The CCL2 subnetworks are comprised of the CCL2 node that is ex-
tended out to include all directly connected nodes within three path
lengths in the following IBD and control BNs: (1) CCL2 subnetwork of
the CD ileum subnetwork, (2) CCL2 subnetwork of the CD colon
subnetwork, (3) CCL2 subnetwork of the UC subnetwork, and (4)
CCL2 subnetwork of the control colon subnetwork. Cytoscape
(v3.10.2) was used to generate the CCL2 subnetwork plots.

Primary adult enteric neuron culture

Colonic muscularis externa of 6-wk-old mice was extracted, and
single-cell suspensions were prepared as described above. Cells
were seeded into (1) Matrigel-coated 24-well plates at a density
of 150,000 cells/well or (2) Matrigel-coated 4-well chamber
slides at a density of 100,000 cells/well and maintained in
complete neuronal culture media containing Neurobasal-A me-
dia (Gibco), L-glutamine (200 mM, Gibco), B27 (1x, Gibco), glial-
derived neurotrophic factor (10 ng/ml, Shenandoah), FBS (1%),
amphotericin B (2.5 pg/ml, Gibco), and penicillin-streptomycin
(1%, Gibco). Morphological changes were observed daily, and on
days 13-14, differentiated neurons in culture were used for
experiments.
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Inducible neuron fate mapping in vitro

To detect tdTomato expression under control of Nestin expres-
sion in mature enteric neurons, the following tamoxifen treat-
ment strategies were adopted.

Preculture treatment

Nestin®R-C**Rosa26-STOPYtdTomato mice and their corre-
sponding controls were orally gavaged with 20 mg/ml of ta-
moxifen for two 5-day cycles with a 5-day break between each
cycle. Following this, primary adult enteric neuron cultures
were generated using single suspension of cells extracted from
colonic muscularis externa as described in the previous section.

Postculture treatment

Nestin®™®Cr*Rosa26-STOPY/tdTomato mice and their corre-
sponding controls were used to generate primary adult
enteric neuron cultures as described in the previous section.
Fully differentiated neurons were then treated with 4-
hydroxytamoxifen (I uM, H-7904; Sigma-Aldrich) for 24 h
in vitro.

Chemical hypoxia in vitro

CoCl, was used as a chemical mimetic to simulate hypoxia
(Munoz-Sanchez and Chanez-Cardenas, 2019) in vitro. Differ-
entiated enteric neuron culture was treated with CoCl, (200 pM,
Sigma-Aldrich) for 12 h followed by treatment with LPS (100 ng/
ml, Sigma-Aldrich) or recombinant murine IL-1B (100 ng/ml,
#211-11B; PeproTech) for another 9 h. To inhibit HIFla during
chemical hypoxia, differentiated enteric neuron cultures were
pretreated with PX-478 (25 pM, #202350; MedKoo Biosciences)
for 16 h before inducing chemical hypoxia using CoCl, for 12 h
followed by LPS treatment for 9 h. PX-478 was maintained in the
culture by replenishing it every 16 h. At the end of the experi-
ment, cells and supernatants were collected for gene expression
and protein analyses.

Protein expression by ELISA

The concentration of fecal lipocalin-2 was measured using the
R&D Systems ELISA kit (#DY1857). The concentration of se-
creted CCL2 in supernatants of cultured enteric neurons was
measured using the R&D Systems ELISA kit (#DY479-05). Both
ELISAs were performed according to the manufacturer’s
protocol.

Statistical analyses
ENS remodeling microscopy data analysis
To account for both between-sample and within-sample varia-
bility in our “pooled” dataset, we implemented a Nested Leave-
One-Out Jackknife strategy (Saravanan et al., 2020). This
method takes advantage of information collected from several
images within the same mouse without pseudoreplicating them
(Lazic, 2010) and offers a more robust estimate of stability in our
metrics, particularly when the number of samples is small and
common assumptions may not hold.

For each of 1,000 iterations of resampling and within each
experimental group, we randomly excluded one mouse and one
image in each mouse (i.e., leave-one-out for both levels of data).
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Among the remaining images per mouse, a median value was
calculated, representing a summary measure for each resampled
mouse. Subsequently, the median of these mouse-level medians
was computed for each group. The log, fold change between
groups was then calculated to evaluate the difference between
these group medians.

This procedure yielded a distribution of log, fold change
values across the 1,000 iterations. To summarize these results,
we reported the median log, fold change. We also quantified
the stability of the observed group differences by calculating
the proportion of iterations in which the direction of the log,
fold change differed from the overall median log, fold change
direction, thus providing an empirical P value (Lazic, 2010;
Davison and Hinkley, 1997). Results with zero iterations showing
the opposite sign of median log, fold change of all 1,000 iter-
ations of resampling (i.e., empirical P value <0.001) were con-
sidered as significant.

General statistical analysis

General statistical analysis was performed using GraphPad
Prism 10 software. All data are presented either as mean + SEM
or as specified in the figure legends. A two-tailed paired or un-
paired Student’s t test was used to determine the statistical sig-
nificance of differences when comparing means of two groups.
One-way and two-way analysis of variance were used (as
specified in the figure legends) to determine the statistical
significance when comparing >2 groups. Differences between
groups were considered statistically significant when values
of P < 0.05.

Online supplemental material

Fig. S1 shows colitis readouts supplementary to Fig. 1 and the
methodology for defining myenteric neurons by flow cytome-
try. Fig. S2 shows in vitro validation of NesER-CreR26-
STOP/AtdTomato fate-mapping strategy to detect newborn
neurons. Fig. S3 shows neurogenesis in the colonic myenteric
plexus after colitis, supplementary to Fig. 2. Fig. S4 shows im-
mune cell types and MM subsets in the myenteric plexus at
steady state and during colitis by scRNA-seq and flow cytometry.
Fig. S5 shows the immune cell composition of the myenteric
plexus and gene signatures of MMs at steady state and colitis.
Fig. S6 shows the efficacy of CCL2 depletion and intestinal in-
flammation in SLICK-HER-CreCcl2/fl mice, supplementary to
Fig. 5. Fig. S7 shows the targeting of neurons by the SLICK-HER-
Cre model. Fig. S8 shows the myenteric plexus remodeling in
SLICK-HER-CreCcl2f/l mice, supplementary to Fig. 5. Fig. S9
shows the negative regulation of CCL2 by HIF1 signaling in
cultured myenteric neurons, supplementary to Fig. 6. Fig. S10
shows myenteric inflammation in PX-478-treated mice or mice
with neuron-specific depletion of Myd88, Hifla, or Vhl, supple-
mentary to Fig. 6. Fig. S11 shows mucosal inflammation in PX-
478-treated mice or mice with neuron-specific depletion of
Mydss, Hifla, or Vhi, supplementary to Fig. 6. Fig. S12 shows
myenteric plexus remodeling in mice with neuron-specific de-
pletion of Hifla or Vhl, supplementary to Fig. 6. Table S1 provides
the list of mouse colon scRNA-seq cluster markers. Table S2
provides the list of DEGs generated from RNA-seq analysis of
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MM subsets isolated from water and 1xDSS-treated mice and
compared across two conditions (water versus DSS). Table S3
provides the list of DEGs generated from RNA-seq analysis of
MM subsets isolated from 1xDSS-treated mice and compared
with each other. Table S4 provides pathway analysis for MM
subsets isolated from 1xDSS-treated mice. Table S5 provides
identity signatures for MM subsets isolated from 1xDSS-treated
mice, supplementary to Table S4. Table S6 provides the com-
putational evidence that MM- and neuron-interacting genes
from the normal mouse colon scRNA-seq dataset are conserved
in DSS colitis. Table S7 provides the list of genes identified as an
inflamed enteric neural gene signature from the ileum of CD
patients. Tables S8, S9, S10, and S11 include antibodies for flow
cytometry, and primary and secondary antibodies for immu-
nofluorescence and experimental animals. Video 1 shows MMs
form direct contacts with enteric neurons in the myenteric
ganglia. Video 2 shows MMs engulf enteric neurons in the my-
enteric ganglia. Video 3 shows MMs contact and engulf enteric
neurons in the myenteric ganglia.

Data availability

The data generated from this study were deposited in the NCBI
Gene Expression Omnibus under the RNA accession identifiers
GSE263945 for subset-specific RNA-seq and GSE266254 for
scRNA-seq. The code for the analysis of both RNA-seq datasets
was deposited in GitHub: https://github.com/YuLiu-PetersLab/
Mount-Sinai/. All data supporting the findings of this study are
provided within the article and its supplementary materials.
Source data tables for all figures are available upon request. The
corresponding author can be contacted for any further
clarifications.
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Figure S1. Colitis is associated with the loss and recovery of nonhematopoietic CD90*CD24* myenteric cells enriched in neurons. (A) Water content in
fecal pellets of 3xDSS- or water-treated WT mice (control, n = 15; DSS, n = 20). (B) Occult blood in fecal pellets of 3xDSS- or water-treated WT mice (control, n
=15; DSS, n = 20). (C) Colon length in 3xDSS- or water-treated WT mice (control, n = 6-10; DSS, n = 5-8). (D) FC gating strategy to identify CD45* immune cells
(including MMs) and CD45- nonhematopoietic stromal cells (including myenteric neurons) in colonic muscularis. (E) Intracellular expression of pan-neuronal
marker PGP9.5 by four CD45~ nonhematopoietic subsets identified based on their co-expression of CD90 and CD24, shown by FC. (F) Relative expression by
qPCR of pan-neuronal genes Elav(3 (HuC) and Elavl4 (HuD) by FACS-purified CD45- subsets defined in E, normalized to Actb (n = 3 per group, n—independent
cell sorting). (G) Transgenic mice used in Hand I. (H) Confocal images of colonic myenteric plexus isolated from control R26-STOP/WTtdTomato (Cre, top) and
Actl6bCeR26-STOP/WTtdTomato (Cre*, bottom) mice at steady state, stained with Hu (neuronal somas), tdTomato (Baf53b(Actl6b):tdTomato* neurons), and
Blll-tubulin (nerve fibers) antibodies. Scale bars, 100 pm. (1) FC plots showing gating strategy and percentage of Actléb:tdTomato* neurons among total CD45-
CD90*CD24* cells (left, Cre~ and Cre*) or percentage of CD90*CD24* cells among total CD45-Actl6b:tdTomato* neurons (right Cre*) in colonic muscularis
isolated from control R26-STOP"WTtdTomato (Cre~) and Actl6b"R26-STOP"WTtdTomato (Cre*) mice at steady state. All graphs show the mean + SEM, n—
mouse unless stated differently. Data are representative of at least two independent experiments with similar results. Statistical analyses: unpaired Student’s
ttest (A, C, and F), *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Figure S2. In vitro validation of Nes®¢*R26-STOP™/fltdTomato fate-mapping strategy to detect newborn neurons. (A) Confocal images of primary
adult myenteric neuronal cultures derived from colonic muscularis of tamoxifen-treated control R26-STOPYfltdTomato (Cre-, top) and NestRC"R26-STOP-
ffltdTomato (Cre*, bottom) mice, stained with Hu (neuronal somas), tdTomato (Nestin* precursor—derived cells), and BllI-tubulin (nerve fibers) antibodies, and
DAPI (nuclei). Scale bars, 100 pm. (B) Confocal images of primary adult myenteric neuronal cultures described in A stained with PGP9.5 (whole neurons),
tdTomato (Nestin* precursor-derived cells), and DAPI (nuclei). Scale bars, 100 um. (C) Confocal images of primary adult myenteric neuronal cultures derived
from colonic muscularis of naive NestR-ceR26-STOP™/fltdTomato (Cre*, top) and control SLICK-HER-CeR26-STOPYfltd Tomato (Cre*, bottom) mice and treated
with 4-hydroxytamoxifen in vitro for 24 or 48 h, stained with PGP9.5 (whole neurons), tdTomato (Cre-targeted cells), and Blll-tubulin (nerve fibers) antibodies,
and DAPI (nuclei). Scale bars, 100 um. (D) Nes expression in mature neurons differentiated in vitro from the myenteric plexus of WT adult mice (2 wk in cell
culture) and treated with LPS or vehicle as in Fig. 6 F, normalized to Actb (n = 3, n—replica wells in the same cell culture). (E) Nes expression by qPCR in CD45~
CD90*CD24* myenteric neurons FACS-purified from water- and DSS-treated mice on day 7 after starting the DSS regimen, normalized to Actb (n = 2-3, n—
independent cell sorting). All graphs show the mean + SEM. Data are representative of at least two independent experiments with similar results. Statistical
analyses: unpaired Student’s t test (D), *P < 0.05.
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Figure S3. Colitis facilitates neurogenesis in the colonic myenteric plexus. (A) Confocal images of colonic myenteric plexus isolated from tamoxifen- and
1xDSS-treated NesER-CeR26-STOP/fitdTomato (Cre*) mice on day 45 (6.5 wk) and stained with S1008 (enteric glia, top) or CD31 (blood endothelial cells,
bottom), tdTomato (newborn cells), and BliI-tubulin (nerve fibers) antibodies. Scale bars, 100 um. (B) Confocal image of full-length colon Swiss roll cross-
section from tamoxifen- and 3xDSS-treated Cre* mice at week 10, stained with antibodies to Hu (neuronal somas), tdTomato (newborn cells), and DAPI
(nuclei). Overview image—scale bar, 500 um. Magnified images—scale bars, 50 um. (C) Percentage of newly generated tdTomato*Hu * neurons among total
Hu* myenteric neurons in proximal to middle regions of the colon from tamoxifen- and 3xDSS- or water-treated Cre* mice at week 10 after starting DSS,
quantified by confocal microscopy of muscularis whole mounts (water, n =8-9; and DSS, n = 21-30, n—microscopy fields of view in the same mouse).
(D) Complementary to Fig. 2 E: percentage of newly generated tdTomato*Hu* neurons among total colonic myenteric neurons per field per mouse in ta-
moxifen- and 3xDSS- or water-treated Cre* mice at week 10, quantified by confocal microscopy of muscularis whole mounts. Data represent the mean + SEM of
5-10 fields of view analyzed per mouse per group. Each violin plot represents a mouse (n = 6 per group). (E) Complementary to Fig. 2 F: FC plots showing
percentages of newly generated tdTomato* cells among total CD45-CD90*CD24* myenteric neurons in colonic muscularis isolated from tamoxifen- and
3xDSS- or water-treated NesER-CeR26-STOPY/ltdTomato (Cre*) mice as compared to control R26-STOPY/fltdTomato (WT) mice. (F) Complementary to Fig. 2 F:
percentage of newly generated tdTomato* cells among CD45~ nonhematopoietic CD90*, CD24*, and CD90-CD24~ stromal cells in colonic myenteric plexus
from mice described in E, quantified by FC (control, n = 3-6; DSS, n = 4-6). Week 10 data are from the same mice as in D. All graphs show the mean + SEM, n—
mouse. Data are representative of at least two independent experiments with similar results. Statistical analyses: unpaired Student’s t test (C and F) and two-
way ANOVA for multiple comparisons (D), **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Figure S4. Monocyte-derived MMs are the dominant immune cell type expanding in the myenteric plexus in response to colitis. (A) Uniform Manifold
Approximation and Projection (UMAP) clustering analysis of scRNA-seq dataset generated from colonic muscularis of normal adult WT mice. Cell type for each
cluster annotated based on specific marker genes. ICC, interstitial cells of Cajal; NK cells, natural killer cells. (B) UMAP clustering analysis of all MNPs in the
scRNA-seq dataset described in A. DC, dendritic cell. (C) Complementary to Fig. 4 E: normalized gene expression of 12 marker genes across muscularis MNP
clusters identified in B. (D) FC t-SNE plots showing immune cell landscape of CD45* viable single cells in colonic muscularis from 1xDSS- or water-treated
Ccr2RFP/*Cx3cr1GFP/+ reporter mice at week 1. (E) FC plots showing gating strategy for colonic MM subsets and their percentages based on Ccr2-RFP expression
in 1xDSS- or water-treated Ccr2R"P/*Cx3cr1SFP/* mice described in D, gated on CD45* viable single cells. (F) FC plots showing colonic MM subsets and their
percentages based on Ly6c expression in the same 1xDSS- or water-treated Ccr2R7P/+Cx3cr1%FP/* mice as in D, gated on CD45*CD11b*CD16/32* viable single
cells. (G) Percentage of total viable cells (left) and absolute cell counts (right) of MM subsets based on Ly6c expression in the experiment described in D,
quantified by FC (n = 5 per group). (H) Fluorescence microscopy images of colonic myenteric plexus from 1xDSS- (2.25%) or water-treated WT mice at week 1,
stained with MHCII (MMs), BllI-tubulin (nerve fibers), and CD3 (T cells) antibodies. White arrowheads point to CD3* T cells. Scale bars, 50 um. All graphs show
the mean + SEM, n—mouse. Data are representative of at least two independent experiments with similar results (D-H). Statistical analyses: unpaired
Student’s t test (G), ****P < 0.0001. MNPs, mononuclear phagocytes.
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Figure S5. Transcriptional profiling of monocyte-derived MMs predicts their crosstalk with enteric neurons. (A) Percentage of total viable cells (left)
and absolute cell counts (right) of major immune cell types in the colonic muscularis single-cell suspensions from 1xDSS- or water-treated Ccr2RFP/*Cx3cr16FP/+
reporter mice at week 1, quantified by FC (n = 5 per group). (B) Percentage of total viable cells (left) and absolute cell counts (right) of MMs and M-T cells in
1xDSS- or water-treated WT mice at week 1, quantified by FC (n = 5 per group). (C) Experimental design used in D and Fig. 4 K: 3xDSS and tamoxifen (Tam) were
given as shown. (D) Percentage of tdTomato* cells among Ly6c" and Ly6c'® monocytes, and PMNs in the blood of tamoxifen- and 1xDSS- or water-treated
Ccr2ER-CreR26-STOP/fitd Tomato mice, quantified by FC (n = 3 per group). Sampling was done in the same animals across time points. (E) Percentage of MHCII*
cells among Ccr2:tdTomato* cells in 1xDSS or water-treated Ccr2fR¢eR26-STOP™/fltdTomato mice, quantified by confocal microscopy of whole muscularis (n =
3 per group). Data represent the mean + SEM of 5-6 fields of view analyzed per mouse per group. (F) Volcano plot showing a comparison of gene expression
between the most distinct Mo-MMs: DSS MM1 and DSS MM4 from the same experiment as in Fig. 4 F. The limma model was used to calculate the P value and
fold change. The cutoff for significance is adjusted P value: 1E-5 and Log; fold change (Log,.FC) >1.5 or <-1.5. (G) Heat map showing genes (referred to as MM
Core Signature genes) highly expressed in MMs as compared to mucosal macrophages (Muc. M¢s) in InmGen gene array dataset generated from normal small
bowel MNPs. (H) scRNA-seq dot heatmap showing expression of MM Core Signature genes across five MM clusters identified in Fig. 4 E. Color denotes the
average expression level, and size represents the percentage of cells expressing the indicated genes. (1) Subset RNA-seq heatmap showing expression of MM
Core Signature genes across MM subsets defined by FC in Fig. 4 F, and isolated by four-way FACS from 1xDSS- or water-treated Ccr2RFP/*Cx3cr1FP/+ mice at
week 1. (J) Subset RNA-seq heatmap showing expression of brain microglia-specific genes from the literature by MM subsets defined by FC in Fig. 4 F, isolated
by four-way FACS from 1xDSS- or water-treated Ccr2RFP/+*Cx3cr1SFP/+ mice at week 1. (K) Subset RNA-seq heatmap showing expression of pro- and anti-
inflammatory genes by MM subsets defined by FC in Fig. 4 F, isolated by four-way FACS from 1xDSS- or water-treated Ccr2RFP/*Cx3cr16FP/+ mice at week 1. All
graphs show the mean + SEM, n—mouse. Data are representative of at least two independent experiments with similar results (A, B, D, and E). Statistical
analyses: unpaired Student’s t test (B, D, and E) and multiple t test (A), *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Figure S6. Efficacy of CCL2 depletion and extent of intestinal inflammation in SLICK-HER-CreCc[2f/fl mice. (A) Complementary to Fig. 5 D: confocal
images of colonic myenteric plexus from LPS-injected Ccl2-RFPY mice, stained with MHCII (MMs), tdTomato (Ccl2-RFP), and Hu (neuronal somas) antibodies.
White arrowheads indicate CCL2*Hu* neurons. Scale bars, 50 um. (B) Confocal images of large bowel muscularis from the inflamed tissue cross-section of a CD
patient described in Fig. 3, M-0, stained with CCL2 or isotype control IgG and Hu (neuronal somas) antibodies, and DAPI (nuclei). Scale bars, 50 um. (C) Confocal
images of colonic myenteric plexus from tamoxifen- and 1xDSS-treated SLICK-HER-CreCc[2-RFP/fL (Cre*) and Ccl2-RFP/® (Cre) littermates at week 1, stained
with MHCIl (MMs), tdTomato (Ccl2-RFP), and Hu (neuronal somas) antibodies. White arrowheads indicate CCL2* Hu* neurons. Scale bars, 50 pm.
(D) Complementary to Fig. 5 F: FC plots showing proportions of Ly6c* and Ly6c~ Mo-MM subsets and their percentages in colons of tamoxifen- and 3xDSS-
(2.15%) or water-treated SLICK-HER-CreCc[2-RFPfL (Cre*) and Ccl2-RFPL (Cre-) littermates. (E) Percentage of total viable cells (left) and absolute cell counts
(right) of colonic M-PMNs in mice described in D, quantified by FC (DSS Cre~ and Cre*, n = 8 per group). Baseline shows the mean value for tamoxifen- and
water-treated Cre- littermates (water Cre, n = 5-6). (F) Percentage of total viable cells (left) and absolute cell counts (right) of colonic M-T cells in mice
described in D, quantified by FC (DSS Cre Cre*, n = 8 per group; water Cre™ baseline, n = 5-6). P values above each column indicate statistical differences
against baseline. (G) Percentage of body weight change in tamoxifen- and 3xDSS-treated mice described in D (DSS Cre™ and Cre*, n > 10 per group). (H) Fecal
lipocalin-2 in tamoxifen- and 3xDSS-treated mice described in D (DSS Cre~ and Cre*, n > 10 per group). (1) Percentage of total viable cells (left) and absolute cell
counts (right) of colonic mucosal Ly6g* neutrophils in mice described in D, quantified by FC (DSS Cre~and Cre*, n = 7-8 per group; water Cre~ baseline, n = 5-6).
P values above each column indicate statistical differences against baseline. (J) Percentage of blood Ly6c" monocytes among total viable CD45* blood cells in
mice described in D, quantified by FC (DSS Cre~ and Cre*, n = 4 per group; Water Cre~ baseline, n = 3). All graphs show the mean + SEM, n—mouse. Data are
representative of at least two independent experiments with similar results. Data are pooled from 3 smaller experiments (G and H). Statistical analyses:
unpaired Student’s t test (E, F, |, and J) and multiple t tests (G and H), *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure S7. Tamoxifen-inducible Cre expression in SLICK-HER-C"e mice selectively targets neurons in the colonic myenteric plexus. (A) Confocal images
of colonic myenteric plexus from untreated (control) R26-STOPVftdTomato (Cre-, left) and SLICK-HER-CreR26-STOP/fltd Tomato (Cre*, right) mice, stained with
Blil-tubulin antibody (nerve fibers), endogenous SLICK-H-YFP (YFP), and DAPI (nuclei). Scale bars, 100 um. (B) FC plots showing percentage of YFP* and
tdTomato* cells among CD45- cells in colonic muscularis of tamoxifen-treated control Cre~ (left) and Cre* (right) mice described in A. (C) Confocal images of
colonic myenteric plexus from tamoxifen-treated control Cre~ (left) and Cre* (right) mice described in A, stained with Blll-tubulin (nerve fibers), tdTomato (Cre-
targeted cells), and PGP9.5 (whole neurons) antibodies. Scale bars, 100 um. (D) Confocal images of colonic myenteric plexus from tamoxifen-treated Cre* mice
described in A, stained with s100B (enteric glia), tdTomato (Cre-targeted cells), and PGP9.5 (whole neurons) antibodies. Scale bars, 100 pm. (E) FC plots
showing percentage of CD90*CD24* cells among total CD45- SLICK-H:tdTomato* cells (left) or SLICK-H:tdTomato* cells among total CD45-CD90*CD24* cells
(right) in colonic muscularis of tamoxifen-treated Cre* mice described in A.
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Figure S8. Mo-MMs recruited by enteric neurons via the CCL2 axis facilitate myenteric plexus remodeling. (A) Complementary to Fig. 5, F and G:
confocal images of colonic myenteric plexus from tamoxifen- and 3xDSS- or water-treated SLICK-HER-CreCcl2Vf (Cre*) and Ccl2Vf (Cre~) littermates, stained
with antibodies specific to MHCII (MMs), Hu (neuronal somas), and BllI-tubulin (nerve fibers). Images are representative of control and DSS mice (DSS Cre~ and
Cre*, n=7-8 per group; water Cre~ baseline, n = 4-6). Scale bars, 100 um. (B) Complementary to Fig. 5 G: structural changes in colonic myenteric plexus of mice
described in A quantified by confocal microscopy, showing counts of neuron clusters, counts of Hu* neurons per cluster, and counts and area of IGFT regions
(DSS Cre~ and Cre*, n = 7-8; water Cre™ baseline, n = 4-6). Each value is the mean per mouse. P values above each column show statistical differences against
baseline. (C) Complementary to Fig. 5 I: confocal images of colonic myenteric plexus from mice described in A at week 1, stained with CC7 (apoptotic cells) and
ANNA-1 (neuronal somas) antibodies. Images are representative of control and DSS mice (DSS Cre~ and Cre*, n = 4 per group; water Cre~ baseline, n = 2). White
arrowheads point to clusters of CC7*ANNA-1* neurons. Scale bars, 100 um. Graphs show the mean + SEM, n—mouse. Data are representative of at least two
independent experiments with similar results. Statistical analyses: two-way ANOVA for multiple comparisons (B), *P < 0.05, **P < 0.01, ***P < 0.001, and
****p < 0.0001.
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Figure S9. HIF1 signaling in cultured myenteric neurons negatively regulates CCL2 expression. (A) Confocal images of colonic muscularis tissue cross-
sections from water- or 1xDSS- (3.5%) treated WT mice at week 1, stained with HIF1a (hypoxic cells) and Hu (neuronal somas) antibodies, and DAPI (nuclei).
Scale bars, 25 pm. (B) Uchll and s100b expression by qPCR in primary adult myenteric neuronal cultures as compared to total colonic muscularis tissue and
sorted hematopoietic CD45* cells as a negative control, normalized to Actb (n = 3 per group, n—independent cell culture or independent cell sorting).
(€) Confocal images of primary adult myenteric neuronal cultures derived from colonic muscularis of Actl6b<R26-STOPVWTtdTomato (Cre*) mice at steady
state, stained with tdTomato (Actl6b:tdTomato* cells), PGP9.5 (whole neurons), s100B (enteric glia), and Hu (neuronal somas) antibodies, and DAPI (nuclei).
Scale bars, 100 um. (D) Vegfa expression by gPCR in cultured adult colonic myenteric neurons from WT mice, treated with CoCl,, HIF1a inhibitor PX-478, or
their combinations, normalized to Actb (n = 3 per group, n—replica wells in the same cell culture). (E) Ccl2 expression by qPCR in cultured adult colonic
myenteric neurons as compared to adult colonic muscularis tissue, normalized to Actb (n = 5 per group, n—independent cell culture or mice). (F) Comple-
mentary to Fig. 6 F: Ccl2 expression by qPCR in cultured adult colonic myenteric neurons treated with CoCl,, LPS, or their combination, normalized to Actb (n = 6
per group, n—independent cell culture). (G) Ccl2 expression by qPCR in cultured SB or colonic myenteric neurons treated with CoCl,, IL-1B, or their combination,
normalized to Actb (n = 4-6 per group, n—replica wells in the same cell culture). (H) Actb mRNA expression (Cq, Quantification cycle) by qPCR in cultured adult
colonic myenteric neurons treated with CoCl, LPS, IL-1B, or their combination (n = 3, n—replica wells in the same cell culture). (1) illa expression by gPCR in
cultured adult colonic myenteric neurons treated with CoCl, LPS, or their combination, normalized to Actb (left, n = 3, n—replica wells in the same cell culture;
right, n = 6, n—independent cell culture). (J) CsfI expression by gPCR in cultured adult colonic myenteric neurons treated with CoCl,, LPS, or their combination,
normalized to Actb (left, n = 3, n—replica wells in the same cell culture; right, n = 5, n—independent cell culture). (K) Vegfa expression by qPCR in cultured adult
colonic myenteric neurons treated with CoCl,, LPS, or their combination, normalized to Actb (left, n = 3, n—replica wells in the same cell culture; right, n = 6, n—
independent cell culture). (L) Actb mRNA expression (Cq) by qPCR in cultured colonic myenteric neurons treated with increasing concentrations of PX-478 as
indicated (n = 6, n—replica wells in the same cell culture). All graphs show the mean + SEM. Data are representative of at least two independent experiments
with similar results (A-L) or as indicated. Statistical analyses: unpaired Student’s t test (D, E, and, G-L), paired t test (F), and two-way ANOVA for multiple
comparisons (B), *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. SB, small bowel.
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Figure S10. Myenteric inflammation in mice treated with the HIFla inhibitor PX-478 or with neuron-specific depletion of Myd88, Hifla, or Vhl.
(A) Complementary to Fig. 6 K: FC plots showing colonic Mo-MM subsets and their percentages in 1xDSS- or water-treated WT mice injected daily with PX-478
or vehicle. (B) Percentage of total viable cells (left) and absolute cell counts (right) of colonic M-PMNs in mice described in A, quantified by FC (DSS vehicle and
PX-478, n = 6 per group). Baseline shows mean value for PX-478-injected mice on water (n = 1). (C) FC plots showing colonic Mo-MM subsets and their
percentages in tamoxifen- and 1xDSS- (3%) or water-treated SLICK-HER CreHif1a /! (Cre*) or Hifla™® (Cre-) littermates. (D) Percentage of total viable cells (left)
and absolute cell counts (right) of colonic Mo-MMs in mice described in C, quantified by FC (DSS Cre~ and Cre*, n = 17 per group). Baseline shows the mean value
for tamoxifen- and water-treated Hifla™" littermates (Water Cre, n = 13). P values above each column show statistical differences against baseline.
(E) Percentage of total viable cells (left) and absolute cell counts (right) of colonic M-PMNs in mice described in C (DSS Cre~ and Cre*, n = 17 per group),
quantified by FC (baseline Water Cre~, n = 13). P values above each column show statistical differences against baseline. (F) FC plots of colonic Mo-MM subsets
and their percentages in tamoxifen- and 1xDSS- (3%) or water-treated SLICK-HER-CreMyd88™/ (Cre*) or Myd88Y/f (Cre~) littermates. (G) Percentage of total
viable cells (left) and absolute cell counts (right) of colonic Mo-MMs in mice described in F, quantified by FC (DSS Cre~ and Cre*, n = 15 per group). Baseline
shows the mean value for tamoxifen- and water-treated Myd88"/" littermates (Water Cre~, n = 12). P values above each column show statistical differences
against baseline. (H) Percentage of total viable cells (left) and absolute cell counts (right) of colonic M-PMNs in mice described in F (DSS Cre~ and Cre*, n = 15
per group), quantified by FC (baseline water Cre~, n = 12). P values above each column show statistical differences against baseline. (I) Complementary to
Fig. 6 M: FC plots of colonic Mo-MM subsets and their percentages in tamoxifen- and 3xDSS- or water-treated SLICK-HER-CreVh[/fL (Cre*) or VAR (Cre)
littermates. (J) Percentage of total viable cells (top) and absolute cell counts (bottom) of colonic M-PMNs in mice described in I, quantified by FC (DSS Cre~ and
Cre*, n = 18-19 per group). Baseline shows the mean value for tamoxifen- and water-treated Vh("/f littermates (baseline water Cre~, n = 5-9). All graphs show
the mean + SEM, n—mouse. Data are representative of at least two independent experiments with similar results. Data are pooled from 2 to 4 smaller ex-
periments (B, D, E, G, H, and J). Statistical analyses: unpaired Student’s t test (B, D, E, G, H, and J), *P < 0.05, **P < 0.01, and ****P < 0.0001.
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Figure S11. Mucosal inflammation in mice treated with the HIF1la inhibitor PX-478 or with neuron-specific depletion of Myd88, Hifla, or Vhl.
(A) Related to Fig. 6, I-K: percentage of body weight change in PX-478- or vehicle-injected and 1xDSS-treated WT mice (DSS vehicle and PX-478, n = 19 per
group). (B) Fecal lipocalin-2 in mice described in A (DSS vehicle and PX-478, n = 19 per group). (C) Percentage of total viable cells (left) and absolute cell counts
(right) of mucosal Ly6g* neutrophils in colons of mice described in A, quantified by FC (DSS vehicle and PX-478, n = 10 per group). Baseline shows the mean
value for PX-478-injected mice on water (n = 1). (D) Related to Fig. S10, C-E: percentage of body weight change in tamoxifen- and 1xDSS-treated SLICK-HER-
CreHif1a"/f (Cre*) or Hifla™" (Cre-) littermates (DSS Cre~ and Cre*, n = 19-23 per group). (E) Fecal lipocalin-2 in mice described in D (DSS Cre™ and Cre*, n = 26—
31 per group). (F) Percentage of total viable cells (left) and absolute cell counts (right) of mucosal Ly6g* neutrophils in colons of mice described in D, quantified
by FC (DSS Cre~ and Cre*, n = 20 per group). Baseline shows the mean value for tamoxifen- and water-treated Hifla"f littermates (water Cre~, n = 13). P values
above each column show statistical differences against baseline. (G) Related to Fig. S10, F-H: percentage of body weight change in tamoxifen- and 1xDSS-
treated SLICK-HER-Crepyd887/ (Cre*) and Myd88™/f (Cre-) littermates (DSS Cre~ and Cre*, n = 18 per group). (H) Fecal lipocalin-2 levels in mice described in G
(DSS Cre~ and Cre*, n = 18 per group). (I) Percentage of total viable cells (left) and absolute cell counts (right) of mucosal Ly6g* neutrophils in colons of mice
described in G, quantified by FC (DSS Cre~ and Cre*, n = 15-18 per group). Baseline shows the mean value for tamoxifen- and water-treated Myd88U" lit-
termates (water Cre~, n = 12). P values above each column show statistical differences against baseline. (J) Complementary to Fig. 6, L-P: percentage of body
weight change in tamoxifen- and 3xDSS-treated SLICK-HER-Creyh[V (Cre*) and VhIV (Cre-) littermates (DSS Cre~ and Cre*, n = 8 per group). (K) Fecal
lipocalin-2 in mice described in ] (DSS Cre~ and Cre*, n = 35-41 per group). (L) Percentage of total viable cells (left) and absolute cell counts (right) of mucosal
Ly6g* neutrophils in colons of mice described in ], quantified by FC (DSS Cre™ and Cre*, n = 7-19 per group). Baseline shows the mean value for tamoxifen- and
water-treated Vh(/! littermates (water Cre~, n = 5-9). P values above each column show statistical differences against baseline. All graphs show the mean +
SEM, n—mouse. Data are representative of at least two independent experiments with similar results. Data are pooled from two to four smaller experiments.
Statistical analyses: unpaired Student’s t test (C, F, I, and L), multiple t test (A, D, G, and J), and two-way ANOVA for multiple comparisons (B, E, H, and K), *P <
0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Kurapati et al. Journal of Experimental Medicine
Monocytes remodel the enteric nervous system https://doi.org/10.1084/jem.20251761

920z aunr €0 uo 3senb Aq ypd ‘T9.15202 Wa [ /4€9.20Z /T9.1G20Z® /¥ /€22 /4pd -8 |0 11 ue wa [ /6o "sseidni//:d 13y wo iy papeo jumeq



A SLICK-HT ®Hif1a™  MHCIl Hu Blll-Tubulin

Cre”/ Water Cre”/ DSS Cre"/ DSS

Week 1

o C g
& Cre™ | + Water gt fiid
_ oy UL K] o T i) = L
S g;; Hif1a |+ DSS g % 80 = § 128 . g 300
— —~ 0w ~ —
=% g 5| o°E S 200
g E B L S E 60 S E )
% E £5 40 S E > 3
2= S 3 2= 40 8% 100
= S8 o=
g 3 20 . é % £ 20 £ 4
B = 5 50 O o 2 9
£ 2507 = D%’ T Week 1 Week 1
|
g 2004 | 2 & 501 2 807 o 150
g 1901~ | E 2 404 3 _gote—" B~
£ E 100 8o SF 0l 8% 0 =52 100
s & gg? 3 E 2 g 307 c E g E
8= 50 2 £ £35 s S g 404 o =
s~ 2 £ 23 204 HE 5]
> 04 | B = 23S 2 2T 504 -2 50
z c c 104 & - o<
Week 1 S *5 L 0 Q 0
3 I Week 1 2 Week 1 Week 1
E SLICK-HT T yp ™ MHCII Hu Blll-Tubulin
Cr‘/Water Cre”/ DSS Cre'/ DSS
<
5
B ;
; "
; N
[
%) ¥
— Cre an | + Water
= Cre” |VhI
Cre* |+ Dss
E
[%2] — [2]
€ 80 40 w 2 o
s 2 . 5§ 8
8.~ 60 . 230 - 3o gz 100
2 Eaof B 2% ). S GSE 3
2 iy lo| 8 =] ¢ 5 = 2%
e | 0| a1 1 | >
= c 25 + >~
S ! + s L [O)
5 0 . 2 o ' | L ¢ o = 0
2 Week 1 Week 11 Week 1 Week 11 Week 1 Week 11 Week 1 Week 11

Figure S12.  ENS remodeling in mice with neuron-specific depletion of Hifla or VhL. (A) Confocal images of colonic myenteric plexus from tamoxifen- and
1xDSS- or water-treated SLICK-HER-CeHif1a®/f (Cre*) and Hif1a® (Cre-) littermates, stained with MHCII (MMs), Hu (neuronal somas), and BllI-tubulin (nerve
fibers) antibodies. Images are representative of control and DSS mice (DSS Cre~ and Cre*, n = 7 per group; baseline water Cre~, n = 6). Scale bars, 100 pm.
(B) Quantification of contacts between MMs and myenteric neurons in mice described in A by confocal microscopy (DSS Cre™ and Cre*, n = 7 per group).
Baseline shows the mean value for tamoxifen- and water-treated Hifla™/" littermates (water Cre~, n = 6). Data are shown as a distribution of pooled values
generated from analysis of 5-8 fields of view per mouse per group. P values above each violet plot show statistical differences against baseline. (C) Structural
changes in myenteric plexus of mice described in A quantified by confocal microscopy, showing counts of total neuron clusters, counts of Hu* neurons per
cluster, and counts and area of IGFT regions (DSS Cre~ and Cre*, n = 7 per group; baseline water Cre~, n = 6). Data are shown as a distribution of pooled values
generated from analysis of 5-8 fields of view per mouse per group. (D) Data same as in C shown as mean value per mouse per group (DSS Cre~and Cre*, n =7
per group; baseline water Cre~, n = 6). P values above each column show statistical differences against baseline. (E) Complementary to Fig. 6 N: confocal images
of colonic myenteric plexus from tamoxifen- and 3xDSS- or water-treated SLICK-HER-Creyh[/fl (Cre*) and VIV (Cre-) littermates, stained with MHCII (MMs),
Hu (neuronal somas), and Blll-tubulin (nerve fibers) antibodies. Images are representative of control and DSS mice (DSS Cre~ and Cre*, n = 4-7 per group;
baseline water Cre™, n = 2-3). Scale bars, 100 pum. (F) Complementary to Fig. 6 N: structural changes in myenteric plexus of mice described in E quantified by
confocal microscopy, showing counts of total neuron clusters, counts of Hu* neurons per cluster, and counts and area of IGFT regions (DSS Cre~ and Cre*, n = 4-
7 per group; baseline water Cre™, n = 2-3). Data same as in Fig. 6 N, shown as mean per mouse per group. P values above each column show statistical
differences against baseline. All graphs show the mean + SEM, n—mouse. Data are representative of at least two independent experiments with similar results.
Statistical analyses: unpaired Student’s t test (B), one-way ANOVA (C and D), and two-way ANOVA for multiple comparisons (F), *P < 0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001. # above pooled data in violin plots (B and C) indicates empirical P values calculated by the Nested Leave-One-Out Jackknife strategy,
where ###P < 0.00L
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Video 1. MMs form direct contacts with enteric neurons in the myenteric ganglia. The representative video shows a 3D rendering of MMs (MHCII Ab,
green) in contact with neurons (Hu Ab, red) in the colonic myenteric plexus of WT mice treated with 1xDSS (week 1). Regions of contact are depicted in yellow.
The video was generated from a set of two-photon microscopy images taken in the z axis and sequentially rotated using Imaris software. Scale bars, 10 um.

Video2. MMs engulf enteric neurons in the myenteric ganglia. The representative video shows a 3D rendering of neuronal signals (Hu Ab, red) inside MMs
(MHCII Ab, green) in the colonic myenteric plexus of WT mice treated with 1xDSS (week 1). The video was generated from a set of two-photon microscopy
images taken in the z axis and sequentially rotated using Imaris software. Scale bars, 5 um.

Video 3. MMs contact and engulf enteric neurons in the myenteric ganglia. The representative video shows a 3D rendering of a colonic myenteric
ganglion in WT mice treated with 1xDSS (week 1), wherein MMs (MHCII Ab, green) form direct contacts with neurons (Hu Ab, red) and engulf them. Regions of
contact are depicted in yellow. The video was generated from a set of two-photon microscopy images taken in the z axis and sequentially rotated using Imaris
software. Scale bars, 20 um.

Provided online are Table S1, Table S2, Table S3, Table S4, Table S5, Table S6, Table S7, Table S8, Table S9, Table S10, and Table S11.
Table S1 provides the list of mouse colon scRNA-seq cluster markers. Table S2 provides the list of DEGs generated from RNA-seq
analysis of MM subsets isolated from water- and 1xDSS-treated mice and compared across two conditions (water versus DSS).
Table S3 provides the list of DEGs generated from RNA-seq analysis of MM subsets isolated from 1xDSS-treated mice and compared
with each other. Table S4 provides pathway analysis for MM subsets isolated from 1xDSS-treated mice. Table S5 provides identity
signatures for MM subsets isolated from 1xDSS-treated mice, supplementary to Table S4. Table S6 provides the computational
evidence that MM- and neuron-interacting genes from the normal mouse colon scRNA-seq dataset are conserved in DSS colitis.
Table S7 provides the list of genes identified as an inflamed enteric neural gene signature from the ileum of CD patients. Table S8
shows antibodies for flow cytometry. Table S9 shows primary antibodies for immunofluorescence. Table S10 shows secondary
antibodies for immunofluorescence. Table S11 shows experimental animals.
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