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Abstract

Bleeding and altered iron distribution occur in multiple gastrointestinal diseases, but the
significance or regulation of these changes remains unclear. Here we report that hepcidin, the
master regulator of systemic iron homeostasis, is required for tissue repair in the intestine
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following experimental damage. This effect was independent of hepatocyte-derived hepcidin or
systemic iron levels. Rather, we identified that conventional dendritic cells (cDCs) are a source of
hepcidin that is induced by microbial stimulation, prominent in the inflamed intestine of humans,
and essential for tissue repair. Mechanistically, cDC-derived hepcidin acted on ferroportin-
expressing phagocytes to promote local iron sequestration, which regulated the microbiota and
subsequently facilitated intestinal repair. Collectively, these results identify a novel pathway
whereby cDC-derived hepcidin promotes mucosal healing in the intestine via nutritional
immunity.

One Sentence Summary:

Dendritic cells produce an iron-regulatory factor that modulates the intestinal microbiota to
promote mucosal healing.

Inflammatory bowel disease (IBD), colorectal cancer, and gastrointestinal infections cause
tissue inflammation that drives bleeding, malabsorption, and diarrhea (1-3). As a result,
patients frequently exhibit anemia that is difficult to treat, and bleeding introduces a new
source of iron to the intestine (4, 5). Hepcidin is the master regulator of systemic iron
homeostasis that is produced as a peptide hormone from the liver and promotes degradation
of the cellular iron efflux transporter ferroportin (4, 6-10). Ferroportin is expressed on red
pulp macrophages and the basolateral surface of duodenal enterocytes, where it facilitates
iron recycling from senescent red blood cells and import of dietary iron, respectively (4, 6—
10). Despite these advances, it remains unclear whether hepcidin impacts gastrointestinal
health or disease.

To address this, we exposed wild-type (Hamp*'*) and hepcidin-deficient (Hamp™~) mice to
a model of intestinal tissue damage, inflammation, and repair by administering dextran
sodium sulfate (DSS) in the drinking water. During DSS administration, both Hamp*’* and
Hamp'~ mice exhibited similar weight loss (Fig. 1A), indicative of comparable
inflammation and tissue damage. However, upon removal of DSS, Hamp ™'~ mice exhibited
persistent weight loss, continued disruption of epithelial crypt architecture, and significantly
reduced colon lengths relative to controls (Fig. LA-C). Surprisingly, we observed significant
DSS-dependent reductions in liver hepcidin expression, and reduced systemic hepcidin
protein levels, relative to naive controls (Fig. S1A, B). These data are consistent with
negative feedback on hepcidin production due to anemia and erythropoiesis (11, 12). To test
the role of hepatocyte-derived hepcidin, we bred mice with a floxed gene (HampF/F) to mice
expressing Cre recombinase under the control of the albumin promoter, to generate
HampPlVer mice that develop systemic iron overload comparable to hepcidin-deficient mice
(13). Following exposure to DSS, Hamp™Ver mice and controls exhibited comparable
recovery of body weight, tissue architecture, and colon length (Fig. 1D-F). Thus, hepcidin is
essential for mucosal healing, but this occurs independent of hepatocyte expression and
systemic iron regulation.

To interrogate the source(s) of hepcidin that promote mucosal healing, we analyzed tissues
of naive mice. We observed expression within the mesenteric lymph node (mLN) and lamina
propria of the colon (cLP), which were maintained upon administration of DSS (Fig. 2A,
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S1C, D). Previous in vitro studies indicated that macrophages produce hepcidin (14).
Surprisingly, we observed that type 2 conventional dendritic cells (cDC2s), and not
macrophages or type 1 cDCs (cDC1s), were the dominant myeloid source of hepcidin in the
colon following DSS administration (Fig. 2B, C). Bacteria and bacteria-derived molecules
were potent inducers of hepcidin expression in both bone marrow-derived DCs and sort-
purified cDC2s (Fig. 2D and S2). Intestinal biopsies from Crohn’s disease (CD) and
ulcerative colitis (UC) patients revealed a significant increase in hepcidin expression as
compared to healthy controls, and significant correlations with DC-associated genes (Fig.
2E, S3). Further, a recently described antibody for hepcidin (15), revealed that cDCs were
major producers of hepcidin in the inflamed intestine of IBD patients (Fig. 2F, G). Thus,
cDCs are a previously unappreciated source of hepcidin in the intestine of mice and humans
that is induced by microbes.

We deleted hepcidin in cDCs by crossing CD11cC" mice with Hamg'F mice. HampACP11e
mice exhibited a selective loss of hepcidin expression in cDCs (Fig. 3A, S4A). DC
development and systemic iron was comparable in Hamp”CP11¢ mice versus controls (Fig.
S4B-D). Furthermore, lymphocyte, myeloid, and granulocyte responses were similar in
Hamp”CPLIC mice and controls during naive conditions and following administration of
DSS (Fig. SAE-F, S5). Global transcriptional profiling also revealed minimal changes in
cDC subsets from HampACPLIC mice versus controls (Fig. S6). Thus, cDC-derived hepcidin
does not impact immune responses in these contexts. By contrast, Hamp"CP11¢ mice
exhibited significantly reduced body weight following removal of DSS, abnormal colon
tissue architecture, and shortened colons relative to controls (Fig. 3B-D). Zbtb46°Te-
mediated deletion of hepcidin in cDCs resulted in a similar impairment of tissue repair
relative to controls (Fig. S7). Thus, cDC-derived hepcidin is essential for mucosal healing.

We next profiled the colonic expression of ferroportin (S/c40a1) and observed high
expression in epithelium, neutrophils, and macrophages (Fig. 3D). To determine whether
these are the targets of hepcidin that facilitate mucosal healing, we utilized mice in which a
hepcidin-resistant ferroportin variant, S/c40a1C328Y | is expressed from the endogenous locus
after Cre-mediated recombination (Fig. S8A) and (16). The expression of S/c40a1¢326Y in
DCs or intestinal epithelial cells had no impact on mucosal healing (Fig. S8B-E). By
contrast, S/c40a1°326Y expression in macrophages and neutrophils via LysMC® resulted in
significantly reduced body weight, abnormal colonic tissue architecture, and shortened
colons relative to controls and following removal of DSS (Fig. 3F—H). Consistent with post-
translational regulation of ferroportin, DC-derived hepcidin did not impact S/c40al or
Hmox1 mRNA levels in macrophages (Fig. S8F). Thus, ferroportin-expressing macrophages
and/or neutrophils are a critical target for hepcidin-mediated mucosal healing.

To test whether this intestinal hepcidin-ferroportin axis regulates local iron distribution in
the gut, we employed quantitative mass spectrometry imaging. Strikingly, iron levels within
the cecal tissue of DSS-treated Hamp”CP11C mice were decreased versus controls (Fig. 4A,
S9A, B). Consistent with this, non-heme iron levels were increased in the luminal content of
HampPCPLIC mice versus controls after DSS-induced damage, but not in naive mice (Fig.
4B, S9C, D). This likely involves conversion of heme-bound iron from erythrocytes into
non-heme-bound iron via heme oxygenase 1 in phagocytes (17), which would then efflux to
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extracellular space through ferroportin unless regulated by hepcidin. Iron sequestration is a
key component of nutritional immunity (4, 18, 19), so we examined whether cDC-derived
hepcidin alters the microbiota. Hamp~ACP11C mice exhibited a significant shift in microbiota
composition relative to littermate controls (Fig. 4C). Fecal microbiota transplantation (FMT)
from HampPCPLIC mice to wild-type germ free recipients was sufficient to transfer impaired
mucosal healing relative to controls (Fig. S10). Catenibacteria and Bifidobacteria were
significantly different genera in HampPCP1IC mice relative to controls (Fig. S11A). Notably,
Bifidobacteria supports epithelial barrier function, and dietary iron supplementation can
suppress Bifidobacteria and exacerbate inflammation (20). We found Bifidobacteria
expanded with restricted dietary iron, and oral administration of Bifidobacteria increased
expression of intestinal tight junctions in wild-type mice and enhanced mucosal healing in
HampPCPLIC mice (Fig. S11B-E). Bifidobacteria only partially restored normal mucosal
healing, and the pathways by which DC-derived hepcidin promotes colonization with this
microbe remains unclear. In addition, HampPCP1C mice also exhibited significantly
increased levels of tissue-infiltrating bacteria relative to controls following DSS exposure,
and antibiotic treatment eliminated DSS-induced phenotypes (Fig. 4D, S12). To determine
whether excess extracellular iron impairs healing in HampACPLIC mice, we administered
deferoxamine (DFO), which sequesters extracellular iron from bacteria by chelation (21).
DFO treatment in DSS-exposed HampCP1¢ mice was sufficient to completely restore
mucosal healing (Fig. 4E, F).

In summary, our results outline a model in which ¢cDCs produce hepcidin in response to
microbiota-derived signals, and subsequently limit iron release from intestinal phagocytes to
limit tissue infiltration by the microbiota and thus promote mucosal healing (Fig. S13). This
contrasts with liver-derived hepcidin, which acts as an endocrine hormone, is induced by
inflammatory cytokines, and has the potential to protect against systemic infection (7, 22,
23). Although not observed in our models, it will be important to interrogate whether DC-
derived hepcidin has the potential to directly impact the immune response or systemic iron
homeostasis in other contexts. Furthermore, our results indicate that hepcidin mimetics
could be a beneficial therapeutic strategy in the context of FMT or gastrointestinal diseases
where mucosal healing is an emerging therapeutic goal.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Extra-hepatic hepcidin promotes mucosal healing.
Mice were given DSS for 7 days, and disease and recovery was monitored by weight loss

(A), H&E staining of distal colon (B), and colon shortening (C) at day 12. Mice were given
DSS for 9 days and recovery was monitored by weight loss (D), H&E staining of the distal
colon (E), and colon shortening (F). All scale bars are 200 um. Data in (A-C, E) are
representative of n=3-5 mice per group replicated in two or more independent experiments,
and data in D and F are pooled from two independent experiments with n=3-4. Data are
shown as the mean + SEM. Statistics comparing groups used unpaired two-tailed Student’s
Etest (**:p<0.01; ***:p<0.001; ****:p<0.0001). In (A) and (D), weights at sacrifice,
normalized to starting weight, were analyzed by unpaired two-tailed Student’s #test.
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Fig. 2. Conventional dendritic cells are a source of hepcidin in the inflamed intestine.
Hepcidin expression was analyzed by gPCR in naive mouse tissue (A). Mice were provided

DSS for 7 days, colon lamina propria myeloid cells were sorted as noted (B), and hepcidin
expression was analyzed by gPCR (C). cDC2s sorted from spleen were stimulated and
hepcidin expression was analyzed (D). Hepcidin expression was quantified from intestinal
biopsies of humans (E). Lamina propria cells from the inflamed ileum of pediatric CD
patients were analyzed for hepcidin protein (F-G). For (A, C, and D), representative data
with n=3-5 per group are shown, and data were replicated in at least two independent trials.
In (E), n=5 for the healthy group and n=21 for the UC and CD groups. In (F), representative
histograms are shown. In (G), four independent patients were tested and all data was pooled.
All data are shown as mean + SEM. In (A, D, and E) data were analyzed by unpaired two-
tailed Student’s #test; in (C), data were analyzed by the Mann-Whitney U'test; in (G), data
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were analyzed by one-way ANOVA with Tukey’s multiple comparisons test (*:p<0.05;
**:p<0.01; ***:p<0.001).
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Fig. 3. Dendritic cell-derived hepcidin acts on ferroportin-expressing phagocytesto facilitate
mucosal healing.
Hepcidin expression was determined by gPCR in mice exposed to DSS for 7 days (A). Mice

were given DSS for 8 days, and recovery was monitored by weight change (B), H&E
staining of distal colon (C), and colon shortening (D). Sort-purified cells from the naive
mouse colon were analyzed for S/c40a1 expression by gPCR (E). Mice were given DSS for
7 days and recovery was monitored by weight change (F), H&E staining of distal colon (G),
and colon shortening (H). All scale bars are 200 um. All data are shown as mean + SEM.
Data in (D) and (H) were analyzed by unpaired two-tailed Student’s #test. In (B) and (F),
weights at sacrifice, normalized to starting weight, were analyzed by unpaired two-tailed
Student’s f+test. For all statistical tests, *:p<0.05; **:p<0.01; ***:p<0.001; ****:p<0.0001.
Data in (A-D) are representative of at least two independent experiments with n=3-5 per
group. Data in (F) and (H) are pooled from, and data in (J) is representative of, three
independent experiments with n=1-3 per group.
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Fig. 4. Dendritic cell-derived hepcidin sequestersiron to shape theintestinal microbiota.
Mice were exposed DSS for 7 days. Whole ceca tissues were analyzed for iron levels by

guantitative mass spectrometry imaging (A), and iron levels were quantified in colon lumen
contents (B). Fecal microbiota were analyzed by 16S rRNA gene sequencing and principal
coordinate analysis (C). Mice were exposed to DSS for 7 days and bacterial CFU were
quantified from colon tissue homogenates (D). Mice were given DSS in drinking water for 7
days and treated daily with either PBS vehicle or DFO from day 0 through day 11. DSS-
induced disease and recovery was monitored by weight loss (E) and H&E staining of distal
colon (F). In (A), two independent experiments with n=1-5 per group were performed and
representative data is shown. Data in (B) and (E) are pooled data from two independent
experiments, each with n=3-5 per group. Data in (C) and (D) are representative of two
independent experiments with n=5 per group. In (B) and (D), groups were compared using
unpaired two-tailed Student’s #test. In (C), p-value was determined using a PERMANOVA
test. In (E) weights at sacrifice, normalized to starting weight, were analyzed by one-way
ANOVA using Tukey’s multiple comparisons. In (F), representative data are shown from
two independent experiments with n=3-5 per group, and scale bars are 200 pm. For all
statistical tests, (*:p<0.05; **:p<0.01).
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