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influencing intestinal healing potential

Madeleine Hamley#1,2, Stephanie Leyk#1,2, Christian Casar1,3 , Imke Liebold1,2,
Amirah Al Jawazneh1,2 , Clarissa Lanzloth1,2, Marius Böttcher1, Helmut Haas4,
Ulricke Richardt2, Carla V. Rothlin5,6, Thomas Jacobs2, Samuel Huber1,7, Lorenz Adlung1,7,8,
Penelope Pelczar1, Jorge Henao-Mejia9 and Lidia Bosurgi1,2,7

1 I. Department of Medicine, University Medical Center Hamburg-Eppendorf, Hamburg, Germany
2 Protozoa Immunology, Bernhard Nocht Institute for Tropical Medicine, Hamburg, Germany
3 Bioinformatics Core, University Medical Centre Hamburg-Eppendorf, Hamburg, Germany
4 helminGuard, Sülfeld/Borstel, Germany
5 Department of Immunobiology, Yale University School of Medicine, New Haven, Connecticut, USA
6 Department of Pharmacology, Yale University School of Medicine, New Haven, Connecticut, USA
7 Hamburg Center for Translational Immunology (HCTI), University Medical Center Hamburg-Eppendorf, Hamburg, Germany
8 Center for Biomedical AI, University Medical Center Hamburg-Eppendorf, Hamburg, Germany
9 The Institute for Immunology, Perelman School of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania, USA

The initiation of tissue remodeling following damage is a critical step in preventing the
development of immune-mediated diseases. Several factors contribute to mucosal heal-
ing, leading to innovative therapeutic approaches for managing intestinal disorders. How-
ever, uncovering alternative targets and gaining mechanistic insights are imperative to
enhance therapy efficacy and broaden its applicability across different intestinal diseases.
Here we demonstrate that Nmes1, encoding for Normal Mucosa of Esophagus-Specific gene
1, also known as Aa467197, is a novel regulator of mucosal healing.Nmes1 influences the
macrophage response to the tissue remodeling cytokine IL-4 in vitro. In addition, using
two murine models of intestinal damage, each characterized by a type 2-dominated envi-
ronment with contrasting functions, the ablation of Nmes1 results in decreased intestinal
regeneration during the recovery phase of colitis, while enhancing parasitic egg clearance
and reducing fibrosis during the advanced stages of Schistosoma mansoni infection. These
outcomes are associated with alterations in CX3CR1+ macrophages, cells known for their
wound-healing potential in the inflamed colon, hence promising candidates for cell ther-
apies. All in all, our data indicate Nmes1 as a novel contributor to mucosal healing, setting
the basis for further investigation into its potential as a new target for the treatment of
colon-associated inflammation.
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Introduction

Macrophages have been extensively described as key contributors
to each of the different phases of the wound healing response,
from the early stage of coagulation and inflammation to tissue
formation and finally tissue remodeling [1].

In the intestine, their function closely correlates with their
specific localization. Macrophages in the lamina propria have a
unique anti-inflammatory signature and fail to generate a proin-
flammatory response to TLR agonists [2]. When in contact with
the lamina propria vasculature, macrophages are a barrier to
bacterial pathogens and essential for vascular repair [3]. In the
intestinal muscularis, macrophages are less prone to sensing per-
turbation from the lumen but facilitate neuroimmune interactions
[4].

In the intestine, either resident macrophages or blood-derived
monocytes express the CX3 chemokine receptor 1 (CX3CR1) [5].
High levels of CX3CR1 identify mucosal resident macrophages
that control bacterial translocation to the lamina propria and
exhibit an anti-inflammatory profile in homeostatic conditions [6,
7]. When transferred into a host, they alleviate colitis [8] and
induce epithelial regeneration [9]. In a model of infectious colitis,
CX3CR1hi macrophages express high levels of anti-inflammatory
molecules such as Il10 and Tgfb1, and of molecules associated
with matrix remodeling [10]. In line with this, polymorphisms
in the CX3CR1 gene in Crohn’s disease patients correlate with a
fibrostenosing disease [11, 12]. However, what regulates the anti-
inflammatory function of CX3CR1+ macrophages at a molecular
level is still unknown.

The response to type 2 cytokines such as IL-4 and IL-13 reg-
ulates the tissue repair response in macrophages upon injury
in many tissues. In line with this, the transfer of IL-4-treated
macrophages in dinitrobenzene sulfonic acid (DNBS)-induced
murine colitis leads to reduced disease severity and an increase in
epithelial remodeling [13, 14]. Similarly, their transfer into predi-
abetic NOD mice protects them from developing type 1 diabetes
[15] and ameliorates chronic renal disease in a model of adri-
amycin nephropathy [16]. These are only a handful of studies that
provide direct evidence that reprogramming macrophages via IL-
4 is an effective strategy to promote tissue remodeling in a vari-
ety of inflammatory settings. However, when an exacerbated or
dysregulated type 2 cytokine-mediated repair process occurs, this
can also contribute to the development of pathological fibrosis, as
described in the context of chronic infections [17]. Therefore, a
more comprehensive understanding of the mechanisms that reg-
ulate the macrophage response to type 2 cytokines is needed.

Here we show that Nmes1, normal mucosa of esophagus-
specific gene 1 [18], also known as Aa467197 and C150rf48,
contributes to intestinal inflammation. Nmes1 encodes for a small
protein consisting of 83 amino acids. It is localized in the mito-
chondria [19, 20], and its mRNA transcript overlaps with the pre-
miRNA sequence of the microRNA miR-147. In proinflammatory
settings, miR-147 acts as a negative regulator of the inflammatory
response upon stimulation of TLR2, TLR3, and TLR4 [19, 21].
Additionally, Nmes1 has also been indicated as the most upregu-

lated gene in monocyte-derived and tissue-resident macrophages
in the peritoneal cavity upon treatment with IL-4 [22]. However,
its function in the context of a type 2 immune response has not yet
been determined. Our results indicate that Nmes1 contributes to
the macrophage response to IL-4 in vitro, controlling transcription
of Gata3, Ahr, and molecules associated with the Wnt pathway.
Additionally, in two distinct in vivo models of intestinal inflam-
mation in which type 2 cytokines, such as IL-4 and IL-13, pro-
mote mucosal remodeling and favor the initiation and perpetua-
tion of fibrotic disease, respectively [23–26], Nmes1 regulates the
regenerative/advanced stages of intestinal disease. This Nmes1-
mediated modulation of mucosal responses is linked to changes
in a subset of Nmes1-expressing CX3CR1+ macrophages localized
in the damaged intestine.

Results

Nmes1 influences the macrophage response to IL-4

Under IL-4 stimulation, Nmes1 stands out as one of the most sig-
nificantly upregulated genes in macrophages [22]. However, its
role in a type 2 experimental setting has never been addressed.

Therefore, we first examined Nmes1 expression in bone
marrow-derived macrophages (BMDMs) by stimulating them with
IL-4 in vitro. Nmes1 expression increases 6 hours after stimula-
tion and its expression decreases to basal levels between 12 and
72 h after treatment with IL-4 (Fig. 1A). Interestingly, expression
of Arg1, Retnla, and Chil3, typical IL-4-induced tissue remodeling
genes, peaks between 24h and 48h, with Nmes1, although only
transiently expressed, preceding their induction (Fig. 1B). These
data indicate that in vitro, Nmes1 is induced in macrophages early
after IL-4 stimulation.

To study the role of Nmes1 in macrophages, we took advan-
tage of a mouse model in which Nmes1 is genetically ablated
(Nmes1−/−). First, we analyzed the macrophage differentiation
capacity in Nmes1−/− mice and littermate controls (Nmes1+/+).
Neither differences in the number of hematopoietic pluripotent
stem cells retrieved from the bone marrow at day 0 nor in the per-
centage of differentiated CD11b+F4/80+ macrophages and their
proliferative capacity assessed via Ki-67 staining at different time
points during M-CSF differentiation were detected between the
two genotypes (Fig. 1C, Fig. S1). This indicates that Nmes1 does
not affect the differentiation of macrophages from the bone mar-
row per se. Additionally, no differences in polarization capacity
between Nmes1−/- and Nmes1+/+ BMDMs were observed upon
IL-13 stimulation in vitro, while response to LPS treatment was
altered in Nmes1−/− BMDMs compared controls, as previously
described [21], suggesting that Nmes1 is required for macrophage
polarization under specific circumstances.

Second, to dissect whether Nmes1 expression regulates the
macrophage response to IL-4, we performed bulk RNA-sequencing
(RNA-seq) on Nmes1−/− and Nmes1+/+ BMDMs 6 and 24 h post-
IL-4 treatment.
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Figure 1. Nmes1 influences the IL-4-induced tissue remodeling response in macrophages. Expression of (A) Nmes1 or (B) various IL-4-induced
genes, as detected by RT-qPCR, in bone marrow-derived macrophages (BMDMs) either untreated (Unt.) or treated with IL-4 for different incubation
times. Data from two independent experiments (A), or one experiment representative of two (B) are shown. (C) Number of hematopoietic stem
cells (HSCs) isolated from the bone marrow at day 0, frequency of macrophages, and their proliferation capacity (% Ki-67) in Nmes1+/+ (black dots)
and Nmes1−/− (blue dots) mice, during differentiation. (D) Venn diagram showing number of genes modulated in Nmes1+/+ and Nmes1−/− BMDMs,
treated with IL-4 for 6 or 24 h and compared with untreated (Unt.), as detected by bulk RNA-seq analysis. (E) Heat maps visualizing the first 80 genes
(40 upregulated and 40 downregulated) differentially expressed in Nmes1+/+ and Nmes1−/− BMDMs upon IL-4 treatment (log2 fold change ≥1.5 in 6
and 24 h IL-4-treated compared with the corresponding untreated and shared between Nmes1+/+ vs.Nmes1−/− BMDMs). (F) Expression of indicated
genes in Nmes1+/+ vs. Nmes1−/− BMDMs treated with IL-4 for 6 or 24 h, as detected by RT-qPCR. Results are reported as fold change relative to the
corresponding untreated (0 h) counterpart. One experiment is representative of two. (A, B, F) One-way ANOVAwith Dunnett’s multiple comparisons
test (to the Unt. control). (C) Mann–Whitney U test (Comparing Nmes1+/+ vs. Nmes1−/−).
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We first quantified the amount of unique and shared genes
in IL-4-treated Nmes1+/+ and Nmes1−/− macrophages, whose
expression was modulated when compared with untreated cells
(Fig. 1D). Next, we analyzed IL-4Ra protein levels by flow cytom-
etry in Nmes1+/+ vs Nmes1−/− BMDMs upon IL-4 stimulation.
A similar pattern of expression suggests a similar ability to
respond to IL-4 (Fig. S3). Second, as with our RNA-seq analysis,
we selected genes with a log2 fold change ≥1.5 in 6 and 24 h
IL-4-treated versus untreated macrophages and visualized the
first 80 differentially expressed genes (DEGs) between Nmes1+/+

and Nmes1−/− BMDMs in a heat map (Fig. 1E, Tables S1 and S2).
Notably, Arg1, Relma, Chil3, and the haptoglobin–hemoglobin
scavenger receptor Cd163 did not appear among the top 80
DEGs. However, when considering the entire pool of analyzed
transcripts, Arg1 and Cd163, but not Relma or Chil3, were more
highly induced in Nmes1+/+ versus Nmes1−/− BMDMs 6 and 24
h after IL-4 stimulation. Moreover, transcription factors such as
Gata3 and Ahr, linked to the regulation of a tissue remodeling
function in macrophages, were more highly induced in Nmes1+/+

BMDMs compared with Nmes1−/− 6 h after IL-4 treatment.
Similarly, Fzd4, a gene associated with the Wnt pathway, which
operates in concert with IL-4 to promote the resolution of
inflammation and/or mucosal repair upon intestinal damage
or atherosclerosis [27–31], genes related to morphogenesis as
well as to macrophages’ anti-inflammatory status and angionesis
capacity (Ahr, Ednrb, Hbegf) [32–34], and to monocyte chemo-
taxis (Ccl12) [35] were more highly induced in IL-4-stimulated
Nmes1+/+ BMDMs. RNA-seq data were validated via real-time
quantitative PCR for some selected genes, including DEGs which
were not directly incorporated into the heatmap (e.g. Socs5) [36]
(Fig. 1F). Among them, only the differential expression of Ahr
seems to persist in Nmes1+/+ versus Nmes1−/- macrophages, 24
h after IL-4 treatment. (Fig. 1E). All together, these data suggest
that in BMDMs, the response to IL-4 in vitro is influenced by
Nmes1, and this, in turn, affects transiently key regulators of the
type 2 immune response.

NMES1 is expressed in the murine and human colon
and its mRNA levels are modulated during intestinal
inflammation

We next analyzed the expression of Nmes1 in the intestinal tissue.
In homeostasis, high levels of Nmes1 are specifically detectable in
the mouse colon, independently of the gut microbiota (Fig. 2A).
Likewise, in human tissue NMES1 is expressed in the sigmoid
colon from both healthy patients and people suffering from
acute ulcerative colitis (UC) (Fig. 2B). Notably, NMES1 expres-
sion increases during the remission phase of the disease while
reduced IL-4 mRNA levels are detected only during the acute
phase of the disease (Fig. 2B). In addition, analysis of a pre-
viously published single-cell transcriptomic dataset from ulcer-
ated colon tissue from UC patients [37] reveals detection of
NMES1 in the different myeloid and lymphoid cell clusters, as
represented in the t-distributed Stochastic Neighbor Embedding

plot, with a trend toward higher NMES1 expression in the mono-
cyte/macrophage/dendritic cell cluster expressing CD14 (Fig. 2C,
D). Expression of CX3CR1 was also observed in this cluster
(Fig. 2D). Interestingly, we observed a significant co-expression
of NMES1 and CX3CR1 in CD14+ cells, suggesting this as the sub-
population of interest to study the role of NMES1 during intesti-
nal inflammation (Fig. 2E). Moreover, we correlated the expres-
sion of 958 individual genes, selected as macrophage marker
genes or highly variable genes overall, against NMES1 across all
macrophage cells. Among the top correlating genes, we found
many of them were associated with an anti-inflammatory/tissue-
remodeling function in macrophages, including IL10, TIMP1,
MMP-9, MMP-12, and C1QB (Fig. 2F).

These data suggest that NMES1 is induced in the sigmoid
colon of patients during the remission phase of UC. Furthermore,
NMES1 is expressed by multiple cell types, among them, a sub-
cluster of intestinal CD14+ cells expressing CX3CR1 and charac-
terized by an anti-inflammatory signature.

Nmes1 expression favors mucosal healing in a mouse
model of DSS-induced colitis

Mice lacking IL-4 or the IL-4 receptor-α subunit exhibit milder
acute-phase intestinal inflammation (day 3 and 7 of dextran
sodium sulfate [DSS] ingestion), enhancing mucosal barrier func-
tion [38, 39]. However, IL-4 also has a protective role. IL-4-
producing iNKT cells protect against colitis during the acute (7
days of DSS) and early remission phase (3 days after water pro-
vision) [40]. Similar protection in the early colitis phase (day 3
and 4) occurs with IL-4-polarized macrophages transferred 48 h
before DNBS colitis induction [14, 40–42]. In the DSS-induced
colitis model, i.v. injection of IL-4-treated macrophages on days
0 and 4 safeguards against colitis on day 7 [42]. All these data
emphasize the critical role of IL-4 in the acute phase of the dis-
ease and in initializing the remission of the inflammation.

To investigate the role of Nmes1 in the pathogenesis of col-
itis, we treated Nmes1+/+ and Nmes1−/− mice with 1.5% DSS
for 7 days, followed by 3–7 days of water. Nmes1−/− mice con-
sistently showed a higher decrease in body weight compared
with Nmes1+/+ during the late phase of the disease, when tissue
remodeling is triggered by the administration of normal water.
However, no differences in colon length were detected (Fig. 3A,
B). Colonoscopy in the Nmes1−/− mice revealed enhanced col-
itis, as demonstrated by increased granularity, loss of apparent
vasculature, decreased translucency, and looser stool consistency
(Fig. 3C). A trend toward increased ulceration, crypt hyperpla-
sia, and cell infiltration was detected in Nmes1−/− compared with
Nmes1+/+ mice (Fig. 3D).

We next analyzed the expression of Nmes1 in colon lamina pro-
pria cells during colitis. Both CD11b+Ly6G− myeloid cells and
CD11b+Ly6G+ neutrophils were enriched in the damaged tis-
sue during the acute phase of the disease (d3–d7), while their
frequency was reduced during the remission phase (d9–d14).
Although the frequency of Ly6G- myeloid cells was higher than

© 2023 The Authors. European Journal of Immunology published by
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Figure 2. NMES1 is expressed in murine and human colon. (A) Expression of Nmes1, detected by RT-qPCR, in the duodenum, jejunum, ileum, and
colon of naïve WT mice housed differentially. One experiment representative of two is shown. (B) Levels of NMES1 and IL4 mRNA, as detected by
RT-qPCR, in the sigmoid colon of either healthy patients, patients with acute ulcerative colitis, or in remission phase (n = 15–20). One-way ANOVA
with Tukey’s multiple comparisons test. (C) (upper panel) t-distributed Stochastic Neighbor Embedding plot of immune populations adapted from
Smillie et al. [37]. (D) Normalized feature expression of NMES1, CX3CR1, and CD14. (E) VENN diagram of single- and double-positive cells for NMES1
and CX3CR1 within the CD14+ cluster [37]. Hypergeometric test. (F) Pearson correlation of various anti-inflammatory genes to NMES1 expression
(P-value indicates the significance of Pearson correlation, adjusted for multiple testing).

neutrophils during the entire course of the DSS-induced colitis,
neutrophils expressed higher levels of Nmes1 during both the
early and the advanced stage of the disease compared with the
colonic lamina propria Ly6G- myeloid cells (Fig 3E, Fig. S4B).

We then quantified Nmes1 mRNA levels by flow cytom-
etry using PrimeFlow in the damaged colon. Among the
CD45+Ly6G−CD11b+ cells, we detected Nmes1 mRNA mainly in
a population of CD45+CD11b+F4/80dim cells expressing various
levels of CX3CR1 (Fig. S4D). We further confirmed the detection
of Nmes1 mRNA by RT-qPCR on FACS-sorted colonic CX3CR1+

and CX3CR1− macrophages during the late phase of the dis-
ease (Fig. 3F, Fig. S4E). Additionally, CX3CR1+ macrophages,
which prevent susceptibility to DSS-induced colitis [6, 8, 43, 44],
despite being present at a similar frequency in the two geno-

types, showed reduced expression of a typical marker of IL-4-
induced tissue remodeling, YM1 (protein encoded by Chil3 gene),
in Nmes1−/− mice compared with controls (Fig. 3G). These data
indicate that Nmes1 is expressed by a population of CX3CR1+

colonic macrophages during the remission phase of colitis and
appears to contribute to a proper wound-healing response.

Nmes1 expression promotes colon pathology in a
mouse model of Schistosoma mansoni infection

We then employed a model of infection with the trematode
helminth Schistosoma mansoni. The response to the infection is
characterized by an initial type 1 response that later evolves

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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Figure 3. Genetic ablation of Nmes1 leads to increased susceptibility to DSS-induced colitis. (A) Body weight, (B) colon length, (C) representative
endoscopic images (asterisks, stool inconsistency; X, granularity; pound sign, abundant fibrin; arrow, ulceration) and endoscopic score of Nmes1+/+

(black dots) and Nmes1−/− mice (blue dots). Data from two to three independent experiments are shown. (D) Representative images from H&E-
stained colon sections (asterisks, ulceration; octothorpe, crypt hyperplasia; plus, neutrophil infiltration) and histological score (mean ± SEM). (E)
(Upper panel) Representative FACS plots indicating the frequency of CD45+Ly6G−CD11b+ myeloid cells and CD45+CD11b+Ly6G+ neutrophils during
the course of colitis. (Bottom panel) mRNA levels for Nmes1 in FACS-sorted CD45+Ly6G−CD11b+ and CD45+CD11b+Ly6G+ isolated from the colon
of DSS-treated WT mice, as reported in (A). Each dot corresponds to tissue pooled from three to six mice. (F) Nmes1 mRNA amount in FACS-sorted
CX3CR1+ and CX3CR1− macrophages isolated from the colon ofNmes1+/+ andNmes1−/− mice.Three experimentswith n = 3–6mice pooled/genotype
are shown. ND: not detectable. (G) Percentage of CX3CR1+ macrophages (M0s) and MFI of YM1+ in CX3CR1+ M0s in Nmes1+/+ and Nmes1−/− mice.
Data from two independent experiments are shown. (A–D,G)Mann–WhitneyU test. (B–D,F,G) Analysis performedonday 10 after DSS administration
(7 days DSS+3 days water).

into a parasite antigen-driven type 2 response, enriched in IL-4
and IL-13 [23]. IL-4Ra signaling, although protective during the
early phases of the infection, drives granulomatous and fibrosing
inflammation against parasite eggs during the late phase of the
disease [23, 45–47]. We observed an increase in Nmes1 mRNA
detected by flow cytometry on CX3CR1+ colonic macrophages
in S. mansoni-infected mice compared with naïve controls, with
Nmes1 mRNA also showing an increasing trend with aging (8, 14,
and 21 weeks-old mice) (Fig. 4A)

CX3CR1+ macrophages co-expressing tissue remodeling mark-
ers such as ARG-1, RELM-a, YM1, and CD206, also showed higher
levels of Nmes1 mRNA during S. mansoni infection compared with
macrophages expressing lower levels of those tissue remodeling
markers (Fig. 4B, Fig. S5A).

No differences in the amount of parasitic eggs were detected
in the liver, as further confirmed by the similar ALT levels in
Nmes1+/+ and Nmes1−/− mice 14 weeks post infection with S.
mansoni cercariae (Fig. 4C, Fig. S5B). Conversely, reduced egg
count was detected in the colon of Nmes1−/− mice compared with
Nmes1+/+− controls (Fig. 4C). To analyze whether this was the
result of impairment in egg migration through the small and large

intestine, the parasitic egg count in the ileum and in the colon
was normalized to the number of eggs detected in the duodenum
of each independent mouse. Our data indicate that in Nmes1−/−

mice there was a significantly higher proportion of eggs in the
ileum and colon compared with the duodenum (Fig. 4C), sug-
gesting that Nmes1 influences parasitic egg clearance/excretion
from the small to the large intestine. In addition, analysis of
collagen deposition mirroring the granuloma area via Picrosir-
ius Red, and H&E staining to visualize the granuloma surround-
ing the parasitic eggs, strengthen our observation of lower egg
numbers and consequently reduced granuloma in the colons of
Nmes1−/− mice (Fig. 4D). Moreover, levels of Timp1 and Arg1,
considered one of the main mediators involved in fibrosis deposi-
tion during the chronic damage [48], were reduced in Nmes1−/−

mice compared with controls. Similarly, reduced levels of Il1b,
Serpina3n, whose expression correlates with pathological fibrosis
[49], a trend toward reduced fibronectin (Fn1) and higher lev-
els of Col3, a marker for a select subpopulation of colonic fibrob-
lasts that make up the stem cell niche in the intestine [50], were
detected in the intestine of Nmes1−/− versus Nmes1+/+ infected
mice (Fig. 4E).

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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Figure 4. Genetic ablation of Nmes1 confers protective immunity to Schistosoma mansoni infection. (A) Representative FACS plots and pooled data
indicating frequency ofNmes1+ in CX3CR1+ macrophages detected via PrimeFlow, in the colon of naïve and S.mansoni-infectedmice 8-, 14-, and 21-
weeks post infection. (B) Mean fluorescence intensity forNmes1mRNA detected in CD45+Ly6G−CD11b+F4/80+CX3CR1+ colonicmacrophages which
express (red dots) or do not express (clear dots) different anti-inflammatory markers. One experiment is shown. (C) (Left) Number of S. mansoni
eggs in the liver (n = 24–31), colon (n = 20–27), and duodenum (n = 7–9) of Nmes1+/+ and Nmes1−/− mice. (Right) Ratio of egg count in the ileum and
colon compared with the count in the duodenum of the corresponding mouse. (n = 7–9 mice). (D) Representative images of (upper panel) Picrosirius
Red stain, with arrows indicating granulomas, and (bottom panel) H&E staining and quantification of SiRed-staining via ImageJ, in colon sections
from Nmes1+/+ (black dots) and Nmes1−/− (blue dots) mice. (E) mRNA from indicated genes detected in the colon of Nmes1+/+ and Nmes1−/− mice.
(F) Representative FACS plots (left) and pooled data (right) indicating frequency of CD11b+Ly6G+ neutrophils, CX3CR1+ macrophages, and MHC-
II+Ly6C+ macrophages in the colon of Nmes1+/+ and Nmes1−/- mice. Data from three independent experiments are shown. In all the experiments
presented, analysis was performed 14 weeks post infection with S. mansoni. (A–F) Mann–Whitney U test.
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Interestingly, we did not observe differences in the frequency
of CD45+CD4+TCRβ+FOXP3+CD25+ Tregs in Nmes1−/− and
Nmes1+/+ or alteration in the amount of type 2 cytokines such as
IL-4 and IL-5 (Fig. S6), suggesting that Nmes1 does not affect the
regulatory response during the chronic phase of infection. In addi-
tion, no difference in the frequency of neutrophils, an increase in
the frequency of CX3CR1+ macrophages as well as macrophages
with antigen presentation capacity (MHC-II+) was detected in the
damaged colon of Nmes1−/− vs Nmes1+/+ mice (Fig. 4F, Fig. S5C).
This emphasizes that Nmes1 mainly impacts the innate arm of the
host response and, among the cells analyzed, macrophages in par-
ticular.

Together, these data suggest that in a chronic disease such
as infection with S. mansoni, where an exacerbated response to
IL-4/IL-13 hampers wound healing [23–26], inhibiting Nmes1
expression may aid in clearing parasitic eggs from the colon and
promoting the re-establishment of intestinal homeostasis.

Discussion

Macrophages play a vital role in preventing disease progression
and promoting tissue remodeling. In a model of DSS-induced col-
itis, they interact with colonic epithelial progenitors, supporting
cell proliferation by factors like Wnt4 [31]. Similarly, the uptake
of apoptotic cells by colonic macrophages aids monocyte matura-
tion and restores intestinal homeostasis after damage [51–53].
Macrophages exposed to type 2 cytokines such as IL-4 exhibit
a transcriptional response, mainly, but not only, associated with
the acquisition of a wound healing profile. The regulation of IL-
4-induced genes in macrophages, and the instant transcriptional
response via STAT6 [54], continues to be under investigation.
Among the further downstream signaling events, the expression
of target proteins such as EGR2 has recently been proposed to
regulate 40% of genes induced by IL-4 after 24 h, many of which
are associated with cytokine production and signaling [55].

Notably, upon IL-4 stimulation, Nmes1 stands out as one of the
most significantly upregulated genes in macrophages [22]. Thus,
the complete gap in knowledge regarding its function in the con-
text of IL-4 guided us through the analysis presented here.

Interestingly, our data suggest that Nmes1 is an early response
gene to IL-4 stimulation in vitro, and although not affecting typ-
ical tissue remodeling genes in macrophages such as Relma and
Chil3, it regulates the expression of a series of type 2-associated
transcription factors such as Ahr and Gata3, which are associated
with macrophage anti-inflammatory potential [32, 56]. In this
scenario, it would be tempting to explore whether Nmes1 com-
plements molecules like Egr2 in regulating macrophage signature
profiles in response to type 2 cytokines.

Little is known about the function of Nmes1 in the context
of the proinflammatory setting [19, 21] and, to the best of our
knowledge, no data has been reported on its role in the type 2
response. Published sequencing data highlight its potential influ-
ence on lung macrophage function [57] and its association with a
population of macrophages present in the atherosclerosis plaque

which originates from CX3CR1+ monocyte precursors [58]. We
have now extended these findings and have shown that Nmes1
is expressed in a population of colonic CX3CR1+ macrophages in
a type 2-dominated environment. Interestingly, type 2 cytokines
can drive both tissue remodeling in acute disease and fibrosis in
chronic inflammation. In Nmes1−/− mice, this results in poorer
mucosal healing during DSS-induced colitis recovery but fewer
parasitic eggs and milder fibrosis during chronic S. mansoni infec-
tion. Further investigations should now be directed toward dis-
secting the contribution of additional cell types expressing Nmes1
on the observed in vivo phenotypes, given that in different set-
tings, Nmes1 has been described as a marker for monocyte-derived
effector DCs through proteomic analysis [59], and in proinflam-
matory neutrophils in the tumor microenvironment via single-
cell sequencing [60]. Whereas activated DCs are suggested to
contribute to intestinal pathology during colitis [61], neutrophils
have a paradoxical role in colitis development, as they are criti-
cal for mucosal homeostasis, but their excessive recruitment and
activation leads to extensive mucosal injury [62]. In the context of
Schistosomiasis, DCs play a pivotal role in driving a type1/type 2
shift in the immune response when they interact with the parasitic
egg antigens [63, 64], ultimately leading to the formation of schis-
tosome egg granulomas [65]. Additional research focusing on
these cell types during intestinal inflammation in Nmes1−/− mice,
and the development of targeted conditional knockout trans-
genic mice for Nmes1 could clarify the role of Nmes1-expressing
macrophages in DSS-induced colitis and S. mansoni infection. In
addition, these efforts could help to explore the plethora of sig-
nals inducing Nmes1 activation in macrophages and its potential
role in CX3CR1+ macrophages in various diseases and tissues.

Nevertheless, despite the limitation of employing a total Nmes1
knock-out mouse for our study, our findings may set the basis for
a more profound grasp of CX3CR1+ macrophage biology. This is
especially crucial in the context of infections such as S. mansoni,
where there is an imperative need for novel treatment strategies
to enhance pathogen clearance and prevent the chronic form of
the disease.

Materials and Methods

Mice

All mouse experiments were approved by the Office for Con-
sumer Protection of the city of Hamburg (experiment protocols
66/17, N028/2023 and N042/2019, organ removal protocol
O055/2018). Mice were bred and maintained in a specific
pathogen-free facility at the Bernhard Nocht Institute for Tropical
Medicine. For some experiments, WT mice were maintained in
specific pathogen-free and germ-free facilities at the University
Hospital Hamburg Eppendorf. Eight to twelve-week-old female
mice were used for in vivo experiments and 8–12-week-old
male mice were used for in vitro assays. Nmes1−/− mice were
generated and kindly provided by Jorge Henao-Mejia (University
of Pennsylvania).

© 2023 The Authors. European Journal of Immunology published by
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Genotyping

gDNA was isolated from mouse ear tissue samples. Nmes1 wild-
type (∼250 bp) and knockout (∼150 bp) segments were amplified
by PCR using the DreamTaq-Kit (Thermo Fisher) with the follow-
ing primers:

Name Sequence (5’ to 3’)

Nmes1 WT fwd TCTATCGCTGCCTGTTTGTG
Nmes1 WT rev CAAACCCGGAAGAGCTACTG
Nmes1 KO fwd GCTTTCTGCGACTGTTGGAC
Nmes1 KO rev ATGCAGGATCCAAAGAATGC

Bone marrow-derived macrophages

For differentiation into macrophages, hematopoietic pluripotent
stem cells obtained from bone marrow suspension were plated
in 10 mL RPMI containing 20% FCS, 30% L929 supplement, and
0.5% Gentamycin in a 10 cm petri dish at 37°C/5% CO2 for 7
days. On day 3, half the media was replaced with fresh media.
On day 5, the cells were split and incubated at 37°C/5% CO2

for the remaining 2 days. On day 7, the cells were detached,
counted, and used for further applications. All in vitro assays were
performed under sterile conditions. Unless otherwise stated, cells
were counted and seeded into wells of a 24-well plate at a concen-
tration of 0.33×106 cells/well in 500 μL of appropriate medium.
Cytokines were added to wells in the concentrations indicated
in the individual experiments and the cells were incubated at
37°C/5% CO2 for the indicated lengths of time before being pro-
cessed for further analyses. Unless otherwise stated, recombinant
IL-4 (Miltenyi) was added at a final concentration of 10 ng/mL.

DSS-induced colitis

Colitis was induced in mice by providing a 1.5% solution of DSS in
place of drinking water for 5–7 days, followed by regular drinking
water for 3–7 days. The maximum length of one experiment was
14 days. Mice were weighed and scored daily throughout each
experiment. Mice were sacrificed at different time points during
one experiment. Colons were removed and colon length was mea-
sured before the isolation of lamina propria cells for analysis using
flow cytometry or FACS sorting.

Colonoscopy

Colonoscopy was performed in a blinded fashion for colitis scor-
ing using the Coloview system (Karl Storz) as previously described
[66] after mice were sacrificed. In brief, colitis was scored based
on the granularity of the mucosal surface, vascular pattern,
mucosal thickness, fibrin, and stool consistency (0–3 points for
each parameter).

Histological analysis

Colon tissue was fixed in 37 % Formalin for 24 h followed by
storage in PBS. Samples were processed, embedded, sectioned,
and stained for Picrosirius Red and hematoxylin and eosin (H&E)
at the Core Facility Mouse Pathology (University Medical Center
Hamburg Eppendorf) following routine methods. Granulomatous
areas in Picrosirius Red staining were calculated using ImageJ
software. Each section was evaluated using a semiquantitative
criterion-based method and scored as 0–5. The histopathological
scores were assigned by a pathologist blinded to the experimental
manipulation.

Preparation of single-sex male and female S. mansoni
cercariae

S. mansoni cercariae preparation was obtained from helminGuard
(https://helminguard.de/). Briefly, to get single-sex cercariae,
Biomphalaria glabrata snails (Brazilian strain) were individually
exposed to one S. mansoni miracidium each. Upon patency (5
weeks after infection), the sex of the cercariae released from
individual snails was determined by PCR. Separately, male and
female cercariae-shedding snails were transferred to Petri dishes
containing conditioned water and exposed to light for 2–4 h. Cer-
cariae were passed through 50 and 20 μm filters, rinsed with re-
mineralized distilled water, and recovered by rinsing the 20 μm
filter backwards.

S. mansoni Infection

Mice were subcutaneously (s.c.) injected with 28–32 S. mansoni
cercariae diluted in 200 μL distilled water. To count the cercariae,
10 μL cercariae solution was diluted in 100 μL distilled water in
a 48-well plate with a grid. The cercariae were immobilized using
1 mL Lugol solution and counted under a light microscope. Mice
were sacrificed at 8, 14, or 21 weeks post infection. Intestines,
livers and blood were collected and processed for further anal-
ysis. In addition, colon tissue samples were taken and stored in
RNAProtect (Qiagen) to analyze total RNA.

S. mansoni egg count

A piece of the left loop of the liver and a piece of the colon, ileum,
and duodenum were harvested, weighed, and stored in 4% KOH
solution for 8 or 16 h, respectively, at 37°C in a 24-well plate with
a grid. The tissue was further disrupted by resuspending with a
1 mL pipette and the S. mansoni eggs were counted using a light
microscope at 4× magnification. The eggs per gram liver/intestine
were calculated. To evaluate egg migration through the intestine,
in Fig. 3C (left panel), egg numbers in ileum and colon of each
mouse were normalized to the egg count in the duodenum of the
same mouse. Moreover, the values shown for the duodenum cor-
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respond to the egg count in each mouse normalized to the average
values.

Determination of ALT levels in the serum

Blood from S. mansoni-infected mice was collected in tubes con-
taining 20 μL heparin, centrifuged and the serum stored at
−20°C. The levels of alanine aminotransaminase (ALT) in the
serum were then quantified via Reflotron (Roche). Measurements
were performed at 25°C, using 32 μL of serum/mouse. Blood was
collected in tubes containing 20 μL heparin, centrifuged, and the
serum stored at −20°C.

Determination of cytokine levels in the serum

Cytokine concentrations in the serum of S. mansoni-infected mice
were determined using LEGENDplex (Biolegend) according to the
manufacturer’s instructions. The LEGENDplex was measured at
the Accuri C6 and analyzed with the LEGENDplex software v8.0.

Isolation of intestinal lamina propria cells

To isolate lamina propria cells, colons were removed from mice,
cut open longitudinally, washed in PBS, cut into four to five
smaller pieces, then incubated in 20 mL HBSS containing 200 μL
EDTA 0.5 M per sample at 37°C in a shaker for 20 min to detach
epithelial cells. After this first digestion, the colon pieces were
washed in PBS three to five times to remove the epithelial cells.
The remaining pieces were then minced to disrupt the tissue and
digested in 5 mL HBSS containing 2% FCS, 3 μL DNaseI, and
5 mg collagenase VIII per sample for 45 min at 37°C on a shaker.
After digestion, the suspension was mashed through a 100 μm
cell strainer and then filtered again through a 40 μm cell strainer.
The filtered suspension was centrifuged at 300 g for 5 min at 4°C
to pellet the cells, which were then used for further applications.

Patient samples

RNA from total sigmoid colons of IBD patients was kindly pro-
vided by the University Clinic Hamburg-Eppendorf in Hamburg.
For these samples, endoscopic biopsy specimens were obtained
from the colon (sigma/rectum) from patients with UC (in acute
or remission phase) or suspicion of intestinal disease (patients
who were not diagnosed with IBD, here named healthy controls).
An additional biopsy was taken from the largest foci of macro-
scopic inflammation. Human studies were approved by the local
ethics committee (Ethik-Kommission der Ärztekammer Hamburg
PV4444).

RNA isolation

Two methods were used for RNA isolation, depending on the
application. For RNA samples sent for bulk RNA sequencing, sam-
ples were first lysed using the QiaShredder Kit (Qiagen), and
RNA was isolated using the RNeasy Mini Kit (Qiagen). For all
other applications, RNA was isolated from samples using phenol-
chloroform extraction. For quantitative real-time PCR (qPCR),
RNA retrotranscription was performed using the iScript cDNA
Kit (BioRad). RT-qPCR was performed on a Corbett RotorGene
(Corbett research/Qiagen), using the Maxima SYBR Green qPCR
Master Mix (Thermo Fisher). All reactions were performed in
duplicates, with Gapdh as reference gene, and analyzed using the
Rotor-gene 6000 Series Software 1.7 (Corbett research/Qiagen).

Mouse primers:

Name Sequence (5’–3’)

Aa467197 fwd GGAGCCACATCTTTCGCTTTG
Aa467197 rev CTCCTCAACGGGCTTCCATTG
Ahr fwd GGCTTTCAGCAGTCTGATGTC
Ahr rev CATGAAAGAAGCGTTCTCTGG
Arg1 fwd CATTGGCTTGCGAGACGTAGAC
Arg1 rev GCTGAAGGTCTCTTCCATCACC
Chil3 fwd CTGGAATTGGTGCCCCTACA
Chil3 rev CAAGCATGGTGGTTTTACAGGA
Fzd4 fwd TGCCAGAACCTCGGCTACA
Fzd4 rev ATGAGCGGCGTGAAAGTTGT
Gapdh fwd TCCCACTCTTCCACCTTCGA
Gapdh rev AGTTGGGATAGGGCCTCTCTT
Gata3 fwd GCTGGATGGCGGCAAAG
Gata3 rev GTGGGCGGGAAGGTGAA
Il-1β fwd GAAGAAGTGCCCATCCTCTG
Il-1β rev AGCTCATATGGGTCCGACAG
Retnla fwd CCAATCCAGCTAACTATCCCTCC
Retnla rev CCAGTCAACGAGTAAGCACAG
Socs5 fwd GACGGCTTAGTATCGAAGAA
Socs5 rev GCTTATACAATGGGTTGACC
Timp1 fwd GCGGTTCTGGGACTTGTGGGC
Timp1 rev GCATCTCTGGCATCTGGCATC
Serpina3n fwd CCTGATGCCCAGCTTTGAAA
Serpina3n rev CCTGATGCCCAGCTTTGAAA
Fn1 fwd GATGTCCGAACAGCTATTTACCA
Fn1 rev CCTTGCGACTTCAGCCACT
Col3 fwd GTTTACCTTCGCCTCACTAG
Col3 rev TCTCTCCTTCCCAGGGCAAGCAT

Human primers:

Name Sequence (5’–3’)

GAPDH fwd GCGAGATCCCTCCAAAATCAA
GAPDH rev GTTCACACCCATGACGAACAT
NMES1 fwd AGCTCATTCCCTTGGTGGTG
NMES1 rev CAAAGGTGCTAAGGTTTGGGC
IL-4 fwd ACTTTGAACAGCCTCACAGAG
IL-4 rev TTGGAGGCAGCAAAGATGTC
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Flow cytometry

Cells harvested from culture plates or isolated from mouse tis-
sues were incubated with Fc-block (BioLegend, anti-CD16/CD32)
diluted 1:10,000 in PBS + 2% FCS for 15 min at 4°C prior to the
staining. For the staining of surface epitopes, cells were incubated
with the antibody cocktail for 45 min at 4°C in the dark. If intra-
cellular epitopes were analyzed, cells were fixed (2% PFA) and
permeabilized (BD Perm/Wash) for 15 min at RT before staining.
Cells were stained and fluorescence was measured on an LSRII
(BD Biosciences). Data were analyzed with the FlowJo software
(Tree Star).

List of antibodies:

Epitope Fluorochrome Clone Company

CD11b APC/Cy7 M1/70 Biolegend
BV510
FITC

CD45 BV510 30-F11 Biolegend
PE/Cy7

CX3CR1 AF700 SA011F11 Biolegend
PE/Cy7

F4/80 APC/Cy7 BM8 Biolegend
AF700
FITC

Ly6G APC/Cy7 IA8 Biolegend
BV421
PerCP-Cy5.5

a-goat IgG FITC Poly4606 Invitrogen,
Gibco

CD4 BV605 GK1.5 Biolegend
TCRβ APC H57-597 Biolegend
FOXP3 AF488 150D Biolegend
CD25 AF700 PC61 Biolegend
a-rabbit IgG BV421 Poly4064 Biolegend

BV510
ARG1 APC A1exF5 Invitrogen,

GibcoPE
RELMa Polyclonal

rabbit IgG
PeproTech
GmbH

Ym1 Polyclonal
goat IgG

R&D Systems

Live/dead
fixable
blue

ThermoFisher
Scientific

PrimeFlow

The PrimeFlow RNA assay is an in situ hybridization assay that
was used to analyze the expression of Nmes1 mRNA via flow
cytometry. The assay was performed in 96-well plates according
to the manufacturer’s instructions. All wash steps were performed
twice with PrimeFlow wash buffer (wash buffer) and centrifu-
gation at 1000g for 4 min at room temperature. Target probes
were diluted 1:20 in the provided target probe diluent, and pro-

vided label probes were diluted 1:100 in the provided label probe
diluent. After extracellular staining, fixation, permeabilization,
and intracellular staining, cells were washed and incubated with
100 μL wash buffer and 100 μL diluted target probe for 2 h at
40°C in an incubator. Afterward, cells were washed and incubated
with 100 μL wash buffer and 100 μL of the provided PreAmp
mixture for 1.5 h at 40°C. After washing, this step was repeated
using 100 μL wash buffer and 100 μL of the provided Amp mix-
ture. After washing, cells were incubated with 100 μL wash buffer
and 100 μL diluted label probe for 1 h at 40°C. Finally, cells were
washed and resuspended in FACS buffer for acquisition at the LSR
II flow cytometer.

PrimeFlow target probes:

Construct Colour type Company

Aa467197 Type 1 (AF647) Thermo Fisher Scientific
B2m Type 6 (AF750) Thermo Fisher Scientific

Cell sorting

Cells were labeled with the antibodies of choice through extracel-
lular staining and FACS-sorted by the core facility of the BNITM
using a BD FACSAria cell sorter. Prior to sorting, cells were filtered
through a 30 μm cell strainer. The sorting of cells was performed
using a 70 μm nozzle. Sorted cells were collected in a cold FACS
measurement buffer.

Bulk RNA sequencing

BMDMs differentiated from Nmes1+/+ and Nmes1−/− mice were
either untreated or treated with 10 ng/ml of IL-4 for 6 or 24 h.
RNA was then isolated via the RNeasy Mini Kit from BMDMs
differentiated from three mice pooled/condition. RNA sequenc-
ing was performed by BGI (BGI TECH SOLUTIONS, Hongkong).
Library preparation and transcriptome sequencing were per-
formed using 100 base/paired-end reads on BGI’s DNBSEQ Tech-
nology Platform.

STAR (v2.7.6a) [67] was used to align the raw read against
the mouse reference genome GRCm38 (Ensembl 100). Differen-
tial expression analysis was performed in R (version 4.0, R Core
Team) using edgeR (version 3.32.0) [68]. Only genes with a count
per million value >1 in at least one sample were included in
the analysis. We followed the edgeR authors’ recommendation
for experiments with no replicates and defined a fixed biologi-
cal coefficient of variation of 0.1, that is, setting dispersion in the
exactTest to 0.12. An FDR <0.05 was defined as the threshold for
DE genes.

For the downstream analysis, genes with a log2 fold change
≥1.5 after incubation with IL-4 at 6 or 24 h compared with the
corresponding untreated cells were selected. Of these genes, those
shared between Nmes1+/+ and Nmes1−/− cells were compared
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and displayed in a heatmap. These genes were selected by cal-
culating the ratio between the Nmes1+/+ and Nmes1−/− cells log2
fold changes and selecting the 40 genes with the smallest and
largest ratios respectively.

Sequencing data

Data from Smillie et al. [37] were accessed and
downloaded through the Single Cell Portal: SCP259
(https://portals.broadinstitute.org/single_cell). Data were pro-
cessed with R version 3.6, and annotated as previously described
[18]. For the detection of NMES1+ and CX3CR1+ CD14+ cells,
normalized expression >0 was considered.

Statistics

Statistical analysis and comparison were performed using Prism
9 (GraphPad). When multiple comparisons to a control were
performed, ordinary one-way ANOVA with Dunnett’s multiple
comparisons test was used. If normally distributed, analysis was
performed using ordinary one-way ANOVA with Tukey’s. When
a comparison between two groups was performed, a Mann–
Whitney U test was used. A P-value ≤ 0.05 was considered
statistically significant (*P ≤ 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001). Data points without specific labels are indica-
tive of nonstatistically significant results. Data are shown as mean
± SEM. Unless stated in the legend, each data point indicates one
independent sample.
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