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Hemachromatosis (iron-overload) increases host susceptibility to
siderophilic bacterial infections that cause serious complications,
but the underlying mechanisms remain elusive. The present study
demonstrates that oral infection with hyperyersiniabactin (Ybt) pro-
ducing Yersinia pseudotuberculosis Δfur mutant (termed Δfur)
results in severe systemic infection and acute mortality to hemo-
chromatotic mice due to rapid disruption of the intestinal bar-
rier. Transcriptome analysis of Δfur-infected intestine revealed
up-regulation in cytokine–cytokine receptor interactions, the com-
plement and coagulation cascade, the NF-κB signaling pathway,
and chemokine signaling pathways, and down-regulation in cell-
adhesion molecules and Toll-like receptor signaling pathways. Fur-
ther studies indicate that dysregulated interleukin (IL)-1β signaling
triggered in hemachromatotic mice infected with Δfur damages the
intestinal barrier by activation of myosin light-chain kinases (MLCK)
and excessive neutrophilia. Inhibiting MLCK activity or depleting
neutrophil infiltration reduces barrier disruption, largely amelio-
rates immunopathology, and substantially rescues hemochroma-
totic mice from lethal Δfur infection. Moreover, early intervention
of IL-1β overproduction can completely rescue hemochromatotic
mice from the lethal infection.

hemochromatosis j Yersinia pseudotuberculosis j siderophore j
hyperinflammation j lethal infection

Iron is essential for virtually all organisms to perform many
cellular processes but must be maintained at extremely low

levels (∼10�24 M) to avoid iron toxicity and infection by bacte-
rial pathogens (1, 2). Hemochromatosis due to genetic, dietary,
or iatrogenic (hemodialysis, frequent blood transfusion) condi-
tions predisposes individuals to infections by a variety of patho-
gens (3). Hereditary hemochromatosis (HH) with decreased
hepcidin expression due to the HfeC282Y/C284Y mutation is an
iron-overload disorder that causes increased intestinal iron
absorption and accumulation of excessive iron in the liver,
heart, and other organs (4). HH is among the most common
genetic disorders in the United States and Caucasians (5). Clin-
ical evidence indicates that individuals with HH, sickle-cell
disease, thalassemia, or liver cirrhosis manifesting hemochro-
matotic disorders are prone to infections by food-borne patho-
gens, such as Yersinia (6, 7) and Vibrio vulnificus (8, 9), which
cause serious complications, even sepsis. However, the underly-
ing mechanisms leading to these clinical and experimental
observations remain elusive.

To adapt to iron starvation conditions and obtain iron from
mammalian hosts, bacterial pathogens employ a variety of iron
uptake mechanisms, including the expression of transferrin/lac-
toferrin receptors, the use of heme acquisition systems, and the
secretion of iron-scavenging siderophores, such as aerobactin,
enterobactin (Ent), and yersiniabactin (Ybt) (1, 6, 10). Sidero-
phores are low molecular mass (500 to 1,500 Da) ferric (Fe3+)
chelators with higher iron-binding affinities than those of host

iron chelators (11). In bacteria, the siderophore synthesis is reg-
ulated by the concentration of intracellular Fe2+ and the ferric
uptake regulator (Fur) encoded by the fur gene. When the
intracellular Fe2+ concentration is high, iron-bound Fur binds
the Fur box or FBS (Fur binding sequence), repressing sidero-
phore synthesis. In contrast, when the intracellular Fe2+ con-
centration is low, iron-unbound Fur dissociates from FBS,
increasing siderophore production (12).

The Fur/siderophore-mediated iron regulation system is also
used by gram-negative, enteropathogenic Yersinia pseudotuberculosis
and Yersinia enterocolitica (2). They usually cause self-limiting
gastroenteritis in healthy humans but can cause severe diseases
in immunocompromised individuals (13). A recent study repor-
ted that a siderophilic Y. enterocolitica is more lethal to iron
overload mice than nonsiderophilic Y. enterocolitica (14). In path-
ogenic Yersinia spp., the genes encoding Ybt-mediated iron
uptake are in the locus of high-pathogenicity islands, and Ybt
production is strongly associated with virulence (15). The spo-
radic Y. pseudotuberculosis O1 strain has a Fur-regulated Ybt
cluster identical to that in Yersinia pestis (2). Y. pestis or its fur
mutant cultured in low iron medium dramatically increase gene
expression associated with Ybt synthesis (16). As a global regula-
tor, numerous fur mutants are attenuated in regular mouse mod-
els (12) and exhibit constitutive expression of iron uptake genes
and elevated production of siderophores (16). However, whether
the Δfur Y. pseudotuberculosis mutant (termed Δfur) with pre-
sumed high Ybt production display a siderophilic phenotype and
how hemochromatotic animals respond to the oral Δfur infection
have not yet been explored.

Significance

Our study highlights that hemochromatotic hosts are suscep-
tible to the siderophilic enteropathogenic Yersinia because
of dysregulated interleukn (IL)-1β signaling that causes rapid
disruption of the intestinal tight junction, leading to acute
systemic infection. This study also poses early intervention
of anti–IL-1β therapy as a potentially novel strategy for
treating hemochromatotic patients with severe siderophilic
bacterial infections.
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In this study, we used genetic and nongenetic hemochroma-
totic mouse models to comprehensively evaluate infection of
WT Y. pseudotuberculosis PB1+ (termed PB1) and its isogenic
Δfur mutant with an increased Ybt production, as well as the
intestinal responses of Δfur-infected HH mice. Our results indi-
cated that excessive Ybt production facilitated the rapid prolif-
eration of Δfur, induced unfettered proinflammatory responses,
disrupted the intestinal barrier, and caused acute lethality in
hemochromatotic mice.

Results
The Δfur Mutant Displays Hyperlethality in Iron-Overloaded Mice.
The Fur protein encoded by fur is a global iron regulator pre-
sent in most prokaryotes and involved in the regulation of iron-
responsive genes and a variety of metabolic pathways (12).
Studies have shown that Salmonella fur mutants are attenuated
in regular mouse models (17, 18). Similarly, Δfur by oral infec-
tion was substantially attenuated in C57BL6 (B6, 80% survival)
(Fig. 1A) and BALB/C (60% survival) (SI Appendix, Fig. S1A)
mice compared to PB1 and fur-C strains, respectively. In con-
trast, Δfur was hypervirulent in HH (Fig. 1B) and Swiss Web-
ster (SW) (SI Appendix, Fig. S1B) mice, resulting in 100%
mortality within 4 and 6 d postinfection (dpi), respectively. In
addition, infection with a 10-fold lower dose (5 × 107 colony
forming units, CFU) of Δfur caused complete mortality in HH
mice within 8 d (Fig. 1C), while infection with 5 × 108 CFU of
PB1 caused complete mortality in HH and SW mice within
13 d (Fig. 1B and SI Appendix, Fig. S1B). Complete death was
observed within 5 d in HH mice infected with 5 × 109 CFU of
PB1 and partial death (40%) in HH mice infected with 5 × 107

CFU of PB1 (Fig. 1C). Unlike PB1 and fur-C infections (30 to
40% weight loss), Δfur infection caused ∼10% weight loss in
HH or SW mice before death (SI Appendix, Fig. S1 C and D).

Analysis of the iron contents in the liver, spleen, and serum
revealed that the iron levels of HH and SW mice were compa-
rable but significantly higher than those of B6 or BALB/c mice
(SI Appendix, Fig. S1E). To further determine whether Δfur vir-
ulence was associated with the iron level in the host, B6 mice
were orally administered iron dextran to increase the iron con-
tent, or HH mice were intraperitoneally administered an iron
chelator, deferoxamine, to reduce the iron content from day 10
before infection until 15 dpi. After oral infection with Δfur, the
iron-overloaded B6 mice died within 6 d (Fig. 1A), whereas the
period of survival was extended to 12 d in iron-reduced HH
mice (Fig. 1B). All above mice infected with either PB1 or fur-
C died within 6 to 12 dpi (Fig. 1 A and B). Similarly, Δfur
Y. enterocolitica WA displayed higher virulence in HH mice
than its WTcounterpart (SI Appendix, Fig. S1F).

Furthermore, the bacterial burden was measured by CFU in
HH mice. Intriguingly, Δfur CFUs were 13-fold and 6.5-fold
(log10) higher than the PB1 CFUs in the liver and blood at 1
dpi, respectively (Fig. 1D). The Δfur CFUs in the intestine,
spleen, liver, and blood increased rapidly over the course of
infection and were substantially higher than those of PB1 in
these organs at 3 dpi (Fig. 1D). In contrast, PB1 CFUs in the
blood, liver, and spleen of B6 mice progressively increased over
the course of infection. While Δfur CFUs remained very low in
those organs at 3 dpi (SI Appendix, Fig. S1G), HH mice
infected with a higher dose of WT PB1 (5 × 109 CFU) resulted
in a high bacterial load in organs similar to mice infected with
5 × 108 CFU of Δfur (Fig. 1E).
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Fig. 1. The high Ybt-producing Y. pseudotuberculosis Δfur mutant is hypervirulent to iron-overloaded mice. (A) Survival of WT B6 or iron-loaded B6
mice (n = 5 per group) infected with PB1, Δfur, or fur-C. (B) Survival of HH- or iron-reduced mice (n = 5 per group) infected as in B. (C) Survival of HH
mice (n = 5 per group) infected with PB1 or Δfur. (D) Bacterial burden in PB1- or Δfur-infected HH mice (n = 5 per group) over the course of infection.
(E) Bacterial burden in HH mice (n = 5 per group) infected with different dose of PB1 at 3 dpi. (F) Secretion of Ybt by PB1, Δfur, and Δfur complemented
with fur (termed fur-C) grown to an OD600 of 0.8 in 5 mL LB broth at 28 °C. (G) Comparison of Ybt released by Δfur, ΔfurΔirp2, and ΔfurΔirp2 comple-
mented with irp2 (termed ΔfurΔirp2+irp2) grown to an OD600 of 0.8 in 5 mL LB broth at 28 °C and their virulence in HH mice (n = 5 per group). (H) Com-
parison of Ybt released by Δfur, ΔfurΔpsn, and ΔfurΔpsn complemented with psn (termed ΔfurΔpsn+psn) (0.1 OD600 each bacterial culture) grown in
5 mL LB for the indicated period of time, and their virulence in HH mice (n = 5 per group). ns, no significance; *P < 0.05; **P < 0.01; ****P < 0.0001.
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HH predisposes mice to infection with Y. pseudotuberculosis
cured of the 70-kb virulence plasmid, termed pYV (6), which
encodes the Yersinia Ysc type III secretion system and its effec-
tor proteins (Yops), and is critical for the pathogenicity of Y.
pseudotuberculosis (19). Hence, we assessed whether absence of
the pYV impacted the virulence of Δfur. We found that the
pYV-cured Δfur mutant (Δfur pYV�) had similar virulence to
Δfur in HH mice (SI Appendix, Fig. S1H). However, PB1 pYV�

in HH mice (SI Appendix, Fig. S1H), and both the PB1 pYV�

and Δfur pYV� mutants in B6 mice, were completely avirulent
(SI Appendix, Fig. S1I). Taken together, results suggested that
the Δfur was lethal to iron-overloaded mice, rather than in nor-
mal iron-load animals; the lethality of Δfur in HH mice was
independent of the pYV plasmid.

Excessive Ybt Production Leads to Hypervirulence of Δfur PB1 in HH
Mice. Apart from several other phenotypes, fur mutants exhibit
enhanced production of siderophores (12). The virulence of
pathogenic Yersinia is strongly associated with their ability to
synthesize the exclusive endogenous siderophore, Ybt, which
plays a significant role in iron acquisition (2, 15). Thus, we
attempted to examine whether the increased Ybt production
was associated with the hyperlethality of Δfur. The Ybt was
qualitatively and quantitatively evaluated by chrome azurol S
assay (SI Appendix, Supplementary Materials and Methods).
Qualitative analysis showed that the halo surrounding colonies
of Δfur was approximately twofold larger than those surround-
ing colonies of PB1 and Δfur harboring a fur-complement plas-
mid (termed fur-C) (Fig. 1F). Quantitative analysis showed that
the Ybt produced by Δfur in Luria Bertani (LB) broth was 3.9-
and 4.14-fold higher than those produced by PB1 and fur-C,
respectively (Fig. 1F). Siderophores extracted from 5 mL of
bacterial cultures at the same optical density 600 nm (OD600)
were subjected to high-resolution liquid chromatography/tan-
dem mass spectrometry analysis for characterizing Ybt (SI
Appendix, Fig. S2A). Our results showed that the peaks of
Fe(III)-complex and -free Ybt from the Δfur culture superna-
tant were dramatically higher than those from the PB1 culture
supernatant (SI Appendix, Fig. S2B). Hence, these results sug-
gested that Δfur produced larger amounts of Ybt than PB1.
Furthermore, the halo surrounding colony of Δfur Y. enterocoli-
tica WA was bigger than that of its WT counterpart, indicating
high Ybt production by Δfur Y. enterocolitica WA (SI Appendix,
Fig. S2C).

Genes such as irp1-2, ybtP-Q, and psn in the ybt locus, located
within Yersinia chromosomal high-pathogenicity islands are
involved in the Ybt system and important for the high-
pathogenicity phenotype of Yersinia (15, 16). Among these, irp2
encodes high-molecular-weight protein 2 involved in Ybt syn-
thesis, and psn encodes the Ybt receptor associated with iron
uptake. The irp2 mutant is unable to synthesize Ybt, while the
psn mutant can produce and secrete Ybt but is unable to use it
for iron sequestration (16). Our results showed that the
ΔfurΔirp2 mutant failed to produce Ybt in the supernatant of
in vitro bacterial culture (Fig. 1G and SI Appendix, Fig. S2B).

Furthermore, we demonstrated that Ybt production in the
intestine of HH mice infected with PB1, Δfur, and ΔfurΔirp2
(SI Appendix, Fig. S2 D and E) had similar profiles as that in
the supernatant of in vitro cultures (SI Appendix, Fig. S2B).
The expression of irp2 and psn in the intestine of Δfur-infected
HH mice was 21.27- and 19.29-fold (mean) higher than that of
PB1-infected HH mice, respectively (SI Appendix, Fig. S2F).
The ΔfurΔirp2 mutant was highly attenuated in HH mice com-
pared to its parent and the irp2 trans isogenic strain (Fig. 1G),
whereas the ΔfurΔpsn mutant exhibited the significantly
decreased Ybt production due to lower bacterial numbers at
the same culture period and extended the median survival
times in HH mice compared to its parent and the psn trans

isogenic mutant (Fig. 1H). In addition, HH mice infected with
the PB1Δirp2 (SI Appendix, Fig. S3A) showed a similar survival
profile as the ΔfurΔirp2 double mutant (Fig. 1G). However, dif-
ferent to the complete death of HH mice infected with the
ΔfurΔpsn double mutant (Fig. 1H), HH mice infected with
PB1Δpsn had 60% survival (SI Appendix, Fig. S3B). Both
ΔfurΔirp2 and ΔfurΔpsn mutants were completely attenuated
in B6 mice compared to the Δfur, irp2, or psn trans isogenic
mutants (SI Appendix, Fig. S3 C and D). Additionally, oral
infection with 5 × 108 CFU of PB1 or ΔfurΔirp2 along with 10
μM Ybt recapitulated acute mortality in HH mice (SI
Appendix, Fig. S3E) and dramatically increased bacterial bur-
dens in different organs (SI Appendix, Fig. S3F).

The in vitro growth kinetics showed that Δfur grew slower
than PB1 in LB media (SI Appendix, Fig. S4A) but much faster
than PB1 in LB supplemented with 50 mM FeCl3 (SI Appendix,
Fig. S4B). The growth rate of the ΔfurΔirp2 mutant was compa-
rable in both LB and LB plus Fe and comparable to that of Δfur
in LB, but it was much slower than that of Δfur in LB plus Fe.
However, the ΔfurΔpsn mutant displayed the slowest growth in
both media (SI Appendix, Fig. S4 A and B). Additionally, a com-
petition experiment was performed by the mixed culture of
PB1(pYA4454-Amp) and Δfur(pYA4454-Kan) (SI Appendix,
Table S1) in LB plus 50 mM FeCl3 medium. The results showed
that the mixed culture grown for 6 h slightly increased CFUs of
PB1(pYA4454-Amp) in comparison to the single culture of
PB1(pYA4454-Amp), while CFUs of Δfur(pYA4454-Kan) in
both mixed and single cultures were comparable but dramatically
higher than CFUs of PB1(pYA4454-Amp) (SI Appendix, Fig. S4C).
Furthermore, whether addition of Ybt promotes the growth of
PB1 or ΔfurΔirp2 in LB + FeCl3 medium was determined. Our
results showed that CFUs of ΔfurΔirp2 grown in LB + FeCl3
media supplemented with Ybt were similar to CFUs of Δfur, but
significantly higher than CFUs of ΔfurΔirp2 grown in LB + FeCl3
medium without Ybt supplementation. In comparison to no Ybt
supplementation, Ybt addition to the medium increased PB1
growth but without significant difference (SI Appendix, Fig. S4D).
In addition, administration of Ybt (10 μM) alone daily through
intraperitoneal or intravenous route, caused complete mortality
of HH mice within 4 d (SI Appendix, Fig. S4E). Alternatively, Ybt
(10 μM) administered orally once daily did not result in any mor-
tality of HHmice, whereas Ybt (10 μM) administered orally twice
daily killed mice within 5 d (SI Appendix, Fig. S4E), thus indicat-
ing that Ybt alone was toxic to HH mice. However, the defined
mechanisms need to be deciphered in our future studies.

Altogether, the above in vitro and in vivo data suggested that
Ybt and its receptor-mediated iron uptake were crucial for
Δfur infection. The high proliferation of Δfur under excessive
iron conditions contributed to its hypervirulence in HH mice in
a Ybt dependent manner.

Oral Δfur Infection in HH Mice Is Independent of M Cell Translocation
and Elicits Severe Intestinal Tissue Damage. As an enteric patho-
gen, Y. pseudotuberculosis invades ileal Peyer’s patches (PPs) by
exploiting microfold (M) cells as the main cellular entry points
and then spreads to mesenteric lymph nodes and distal organs,
thus causing diseases (20). Δfur disseminated to the blood and
liver much faster than the PB1 strain in HH mice after oral
infection (Fig. 1D). Therefore, we determined whether the fur
mutation increased bacterial translocation via M cells. Glyco-
protein 2 (GP2), a glycosylphosphatidylinositol-anchored pro-
tein, is a marker of mature M cells (21). M cell differentiation
requires receptor activator of NF-κB ligand (RANKL) and its
receptor RANK (22). Intestinal M cells can be temporarily
depleted by the administration of an anti-RANKL antibody
(22, 23). Administration of mouse anti-RANKL antibody (Fig.
2A) transiently eliminated GP2+ M cells in the ileal PPs of HH
mice compared to injection with isotype rat IgG (Fig. 2B).
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M-cell–depleted mice infected with PB1 exhibited 50% survival
within 15 dpi and significantly attenuated bacterial loads in the
PPs, liver, blood, and spleen at 3 dpi, while IgG-treated
mice all died from PB1 infection within 12 dpi and had higher
bacterial loads in those organs at 3 dpi (Fig. 2 C and D). In
contrast, no significant alterations in mouse mortality (Fig. 2C)
or bacterial burden in organs at 3 dpi (Fig. 2D) were observed
between anti-RANKL– and IgG-treated Δfur-infected HH
mice. Therefore, the results suggested that M cells of HH mice
were dispensable for systemic and lethal infection of Δfur, but
important for PB1 infection.

Furthermore, assessment of the pathological alterations in
the small intestine from naıve, PB1-, Δfur-infected HH mice
revealed that the Δfur-infected mice developed severe edema
and inflammation at 3 dpi (Fig. 2E). H&E staining showed that
Δfur infection caused severe intestinal damage characterized by
villus disruption and profound cell death (Fig. 2E). In contrast,
no discernible pathological changes were observed in the small
intestines of naıve or PB1-infected mice (Fig. 2E). Similar
observations were found in the liver and spleen (SI Appendix,
Fig. S5).

Acute Alterations of Gene-Expression Profiles in the Intestine of
Δfur-Infected HH Mice. To elucidate the host responses induced
by Δfur infection, the gene-expression profile of HH mice was
determined by RNA sequencing and the differentially
expressed genes (DEGs) were identified by analysis package
DESeq2. Of the >24,000 profiled host transcripts in the Δfur-
or PB1-infected small intestine isolated at 3 dpi, 517 and 789
genes were up-regulated (log2 fold-change ≥ 2), respectively,
and 1,748 and 1,373 genes were down-regulated compared to

those in the uninfected mouse intestine. Compared to those in
the PB1-infected intestine, the Δfur-infected intestine had 1,527
genes with increased and 1,806 genes with decreased transcript
abundance (SI Appendix, Datasets S1 and S2). The top 50 genes
with increased or decreased transcript abundance in Δfur vs.
uninfected compared to those in PB1 vs. uninfected are shown
in SI Appendix, Fig. S6A. The DEGs between Δfur- and PB1-
infected intestines are shown in Fig. 3A. Furthermore, 1,341
genes were differentially expressed in Δfur- vs. PB1-infected
intestine but not in PB1/uninfected or Δfur/uninfected intestine
(Fig. 3B). Comparison of the gene-expression levels between
Δfur- and PB1-infected HH mice suggested that Δfur infection
dramatically increased the transcription of genes encoding
proinflammatory factors and neutrophil migration (interleukin
[IL]-1β, IL-6, Cxcl2, Cxcl3, Cxcl5, Ccl2, S100a8, S100a9, Lcn2)
(Fig. 3C). Genes encoding inflammasome, superoxide produc-
tion, chemotactic, and signaling factors (Irg1, Nlrp3, Fpr2);
metal ion scavenging proteins (Lcn2); and acute phase response
fibrinolysis (Mmp3, Mmp8, Saa3) were more strongly expressed
in the intestine of Δfur-infected mice than in the intestine of
PB1-infected mice (Fig. 3C). Furthermore, transcript abun-
dance of groups of genes encoding proteins, such as claudin-3,
-5, or -7 (Fig. 3C)—which are associated with barrier mainte-
nance, tissue damage repair, and regeneration (24, 25)—were
significantly decreased in the Δfur-infected intestine compared
to those in the PB1-infected intestine (Fig. 3C), while pore-
forming claudins, such as claudin-2, were increased (Fig. 3C).

Gene ontology (GO) enrichment analysis demonstrated sig-
nificantly affected categories of genes that were altered more
by Δfur infection than by PB1 infection (Fig. 3D and SI
Appendix, Fig. S6B). In the case of genes with increased

A

D E

B
C

Fig. 2. The hypervirulence of Δfur is independent of M-cell translocation. (A) Schematic of M-cell depletion by administering anti-RANKL antibodies.
(B) Immunofluorescence staining of GP2+ M cells from ileal PPs from HH mice treated with anti-RANKL or IgG (n = 5 per group). Cell nuclei were stained
with DAPI. Representative images from each group are shown. (C) Survival of anti-RANKL– and IgG-treated HH mice (n = 5 per group) infected with
5 × 108 CFU of PB1 or Δfur. (D) Bacterial burden in the tissues and blood of HH mice (n = 5 per group) infected as described in C at 3 dpi. (E) Representa-
tive gross pathology and histopathology images (H&E stain) and histological scoring of the intestine sections from HH mice infected as described in C at
3 dpi (n = 3 per group). The intestine sections of naïve mice served as uninfected controls. The H&E-stained intestine sections were blindly assessed and
scored by three individuals, as described earlier (60). ns, no significance; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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transcript abundance, the GO terms were associated with che-
motaxis of neutrophils, neutrophil-mediated cytotoxicity, regu-
lation of IL-1β, and positive regulation of the inflammatory
response, indicating that Δfur induced stronger inflammatory
responses than those induced by PB1 (Fig. 3D). However, the
GO terms including the defense response, cell–cell adhesion,
and wound healing were associated with transcripts that were
less abundant (SI Appendix, Fig. S6B). Furthermore, Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analy-
sis suggested that cytokine–cytokine receptor interactions, the
complement, and coagulation cascade, the NF-κB signaling
pathway, and chemokine signaling pathways were enhanced
(Fig. 3E), and cell-adhesion molecules and Toll-like receptor
(TLR) signaling pathways were suppressed in the Δfur-infected
mouse intestine (SI Appendix, Fig. S6C).

Δfur Infection Induces Rapid Disruption of Intestinal Tight Junctions
and High Levels of Myosin Light-Chain Kinases. The intestinal epi-
thelium contains polarized epithelial cells that form tight junc-
tions (TJ) to offer a physical barrier for preventing bacterial
invasion and dissemination (26). Δfur rapidly disseminated to
peripheral organs (Fig. 1D) and resulted in severe intestinal
damage in HH mice (Fig. 2E) compared to that caused by the
PB1 strain at 3 dpi. Furthermore, transcriptome analysis
revealed significant down-regulation of the genes encoding
claudin-3, -5, and -7 (Fig. 3C), which are responsible for main-
taining TJ integrity (27). Thus, we hypothesized that Δfur infec-
tion might cause a drastic disruption of intestinal TJs in HH
mice. To test this hypothesis, mice infected with PB1 or Δfur
were orally administered fluorescein isothiocyanate (FITC)-
dextran (4,000 Da, FD4) at 1, 2, and 3 dpi. The assay is based
on the principle that increased epithelial barrier disruption

would result in enhanced leakage of FD4 into circulation
resulting in increased FITC fluorescence (28, 29). The serum
levels of FD4 were substantially increased in Δfur-infected HH
and iron-overloaded B6 mice over the 3-d course of infection,
but very low in PB1-infected hemochromatotic mice (Fig. 4A
and SI Appendix, Fig. S7A), and Δfur Δirp2- and Δfur Δpsn-
infected HH mice (SI Appendix, Fig. S7B). At 3 dpi, the serum
levels of FD4 in PB1- or Δfur Δpsn-infected hemochromatotic
mice were slightly increased in comparison to those in Δfur
Δirp2-infected mice (Fig. 4A and SI Appendix, Fig. S7 A and B).
Intriguingly, the number of Δfur Δpsn and PB1 in organs of
HH mice was comparable over the 3-d course of infection, but
was substantially higher than that of Δfur Δirp2 in organs at 3
dpi, (SI Appendix, Fig. S7C). The results suggested that bacte-
rial organ loads in HH mice infected with PB1, Δfur Δpsn, or
Δfur Δirp2 were not correlated with the serum FD4 levels at
early infection stage, but correlated with animal survival (Fig. 1
B, G, and H). Iron-reduced HH mice or B6 mice infected with
Δfur or PB1 had low levels of serum FD4 (SI Appendix, Fig. S7
D and E). Our results implied that Δfur infection rapidly
affected the intestinal epithelial integrity of hemochromatotic
mice by disrupting TJ to facilitate bacterial dissemination from
the intestine to blood, followed by dissemination to the liver
and spleen. Importantly, intestinal TJ disruption in infected
mice occurred in Ybt- and iron-dependent manner.

Furthermore, analysis of the TJ protein claudin-3 in the small
intestine of HH mice at 3 dpi via immunofluorescence staining
revealed organized localization of claudin-3 at the cell boundaries
of epithelial cells manifesting intact TJs in naıve mice. Infection
with PB1, ΔfurΔirp2, or ΔfurΔpsn mutant slightly decreased
claudin-3 expression, but the typical TJ structure was retained
(Fig. 4B and SI Appendix, Fig. S7F). However, Δfur infection led

A B

D E

C

Fig. 3. Transcriptome of the small intestine from infected HH mice. RNA-seq analysis of gene alterations in naïve, Δfur- or PB1-infected HH mice at 3 dpi
(n = 3 per group). (A) Volcano plot showing DEGs. (B) Venn diagram of DEGs from naïve vs. PB1 vs. Δfur. (C) Heat map of selected host transcripts based
on the DESeq2 analysis. Color coding is based on the rlog transformed read count values. (D) KEGG pathway analysis of up-regulated gene targets in the
Δfur-infected mouse transcriptome. (E) GO functional clustering of genes that were up-regulated for biological processes (the most significantly affected
categories are listed).
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to extensive claudin-3 degradation and diffusion within cells, sug-
gesting immense disruption of TJ integrity (Fig. 4B). Addition-
ally, immunoblot analysis of the intestinal lysates demonstrated
that Δfur infection resulted in a striking decrease of the protein
levels of claudin-3, -5, -7, and ZO-1 and an increase of claudin-2,
a pore-forming claudin, compared to those in the control, verify-
ing the disruption of TJ integrity (Fig. 4C). However, the protein
levels of claudin-2, -3, -5, -7, and ZO-1 in PB1-, ΔfurΔirp2-, or
ΔfurΔpsn-infected mice were comparable to those in the naıve
mice, indicating unaltered barrier integrity (Fig. 4C and SI
Appendix, Fig. S7G).

Myosin light-chain kinase (MLCK) phosphorylates MLC,
leading to actin–myosin interactions and cytoskeletal sliding,
which induce epithelial barrier breakdown (30, 31). The crucial
role of MLCK in regulating TJs is well documented, and inhibi-
tion of MLCK improves intestinal barrier integrity (30, 31).
Transcriptomic and protein analyses indicated that Δfur infec-
tion substantially increased MLCK expression in the intestine
of HH mice compared to naıve or PB1-infected HH mice (Fig.
4D and SI Appendix, Datasets S1 and S2). Subsequently, ML-9,
an MLCK inhibitor (32), was used to evaluate the role of
MLCK in TJ disruption. ML-9 treatment (Fig. 4E) significantly
decreased MLCK levels in Δfur-infected HH mice intestine
(Fig. 4F). In contrast to vehicle-treated mice, ML-9–treated
mice displayed an extremely low serum FD4 flux (Fig. 4G) and
rescued 60% of Δfur-infected mice (Fig. 4H). Furthermore, at 3
dpi, Δfur CFUs recovered from the intestine, spleen, liver, and
blood of ML-9–treated mice were substantially lower than
those from vehicle-treated mice (Fig. 4I).

Δfur Infection Initiates High Inflammatory Responses in the
Intestine of HH Mice. Transcriptomic analysis revealed a substan-
tial induction of proinflammatory cytokines (Fig. 3C). Aberrant
or uncontrolled release of proinflammatory factors damages
the epithelial cell barrier. To confirm the transcriptomic data,
the cytokine profiles of both Δfur- and PB1-infected intestinal
tissues were analyzed (Fig. 5A and SI Appendix, Fig. S8A).
Consistent with the transcriptomic data, in the Δfur-infected
intestine, IL-1α, associated with neutrophil recruitment and
activation of inflammatory markers (33), was 17.4-fold higher
than that in the PB1-infected intestine. IL-6 and G-CSF, which
attract neutrophils to the site of infection (34, 35), were 77.3-
and 40-fold higher in the Δfur-infected intestine than those in
the PB1-infected intestine, respectively (Fig. 5A). Additionally,
IL-1β and IL-33, which belong to the IL-1 cytokine family and
are known to induce permeability of epithelial TJ (36), were
increased by 10- and 12-fold in Δfur-infected tissue compared
to those in PB1-infected tissue, respectively (Fig. 5A). Tumor
necrosis factor-α (TNF-α), released during acute inflammation
resulting in necrosis or apoptosis (37), was increased by four-
fold in Δfur-infected tissue compared to that in PB1-infected
tissue. MIP1α (CCL3) and MIP1β (CCL4), involved in the acti-
vation of granulocytes, the release of reactive oxygen species
from neutrophils, and the induction of proinflammatory cyto-
kines (38) were substantially increased in the intestine of
Δfur-infected mice compared to PB1-infected mice intestine.
MCP1/CCL2, which drives the chemotaxis of myeloid and lym-
phoid cells (39), was dramatically increased by Δfur infection.
Additionally, Δfur infection resulted in 9.3-fold higher Lcn2

β

β

β

μ

μ

A

E F G H I

B
C

D

Fig. 4. Disruption of the intestinal TJ and increase in MLCK in Δfur-infected HH mice. (A) Serum FD4 levels were assessed at 4-h following oral adminis-
tration in naïve, PB1-, and Δfur-infected HH mice (n = 6 per group). (B) Immunofluorescence staining of claudin-3 in the small intestine of mice (n = 3 per
group) described in A at 3 dpi. Representative images from each group are shown. Cell nuclei were stained with DAPI. (C) Representative immunoblot
analysis of small intestine homogenates from infected HH mice (n = 3 per group) as described in A at 3 dpi. β-Actin was used as a loading control. The
protein levels of the indicated claudins and ZO-1 in the small intestine of uninfected or infected mice (n = 3) were quantified by ImageJ software and nor-
malized to the level of β-actin. (D) Analysis of the level of MLCK (n = 3 per group) by immunoblot as described in C. (E) Schematic of the inhibition of
MLCK by administering ML-9. (F) Detection of MLCK in the small intestine of ML-9– or vehicle-treated Δfur-infected mice (n = 3 per group) at 3 dpi by
immunoblot. (G) The serum FD4 level at 3 dpi (n = 3 per group). (H) Survival (n = 5 per group) of Δfur-infected mice treated with ML-9 or the vehicle.
(I) Bacterial load in different tissues (n = 3 per group) at 3 dpi as in F. ns, no significance; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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levels at 3 dpi than PB1 infection (SI Appendix, Fig. S8B).
Therefore, our results suggest that Δfur infection elicits a
cytokine storm in HH mice that might lead to rapid lethality.

Overwhelming IL-1β Signaling Induced by Δfur Infection Leads to
the Disruption of Intestinal TJs and Rapid Lethality in HH Mice.
Dramatic induction of IL-1β at both transcriptional and transla-
tional levels was observed in the intestine of Δfur-infected HH
mice (Figs. 3C and 5A). Studies have shown that IL-1β–induced
increase in intestinal epithelial TJ permeability contributes to
the exacerbation of disease progression in hosts with underlying
diseases (31, 40). Additionally, high IL-1β release during infec-
tion leads to excessive neutrophil recruitment, causing tissue
damage and functional impairment of multiple organs (41).
Therefore, we investigated whether the excessive IL-1β produc-
tion (Fig. 5A) in the intestine of Δfur-infected HH mice pro-
moted inflammation and TJ disruption, leading to systemic
infection and acute death. IL-1β was ablated in Δfur-infected
HH mice by administering anti-mouse IL-1β antibodies daily
from the day of infection (Fig. 5B). Compared to the rat IgG
control, anti–IL-1β treatment dramatically decreased the levels
of IL-1β and other proinflammatory-associated cytokines/chemo-
kines—such as IL-1α, IL-33, IL-6, G-CSF, TNF-α, MIP-1α/β,
and MCP—at 3 dpi (Fig. 5C and SI Appendix, Fig. S8A). Addi-
tionally, we analyzed myeloid cells from anti–IL-1β- or IgG-
treated Δfur-infected HH mice using flow cytometry (FACS)
(SI Appendix, Fig. S8D). In the intestine, the number of neutro-
phils (CD11b+ Ly6G+) increased by 10-fold in the IgG-treated
mice at 3 dpi compared to that at 1 dpi (Fig. 5D). In contrast,
the neutrophil counts in anti–IL-1β–treated mice remained sim-
ilar at 1 and 3 dpi and were ∼20-fold and ∼200-fold lower than
those in IgG-treated mice at 1 and 3 dpi, respectively (Fig. 5D).

Neutrophil counts in the liver or spleen of anti–IL-1β– and
IgG-treated mice were comparable at 1 dpi, but were 5-fold and
10-fold lower in anti–IL-1β–treated mice than IgG-treated mice
at 3 dpi, respectively (Fig. 5E). IL-1β blockade significantly
decreased the level of serum FD4 (Fig. 5F) and bacterial CFUs
in different organs (Fig. 5G) at 1 and 3 dpi compared to those
after the IgG treatment, indicating reduced intestinal paracellu-
lar permeability and minimized TJ disruptions. Strikingly, IL-1β
blockade rescued 100% of Δfur-infected mice (Fig. 5H).

To determine whether the excessive influx of neutrophils led to
intestinal barrier disruption in HH mice, we depleted neutrophils
in Δfur-infected HH mice by administering anti-mouse Ly6G
antibodies (Fig. 6A). The anti-Ly6G treatment ablated neutro-
phils in the intestine (Fig. 6B), liver, and spleen (Fig. 6C) at 3 dpi
compared to those in the IgG control. Similarly, anti-Ly6G treat-
ment dramatically decreased the levels of IL-1β and aforemen-
tioned proinflammatory-associated cytokines/chemokines in the
intestine of HH mice at 3 dpi (Fig. 6D and SI Appendix, Fig.
S8E). Additionally, neutrophil depletion significantly decreased
the level of serum FD4 (Fig. 6E) and the Δfur CFU in different
organs (Fig. 6F) at 1 and 3 dpi compared to those in IgG control
and rescued 80% of Δfur-infected mice (Fig. 6G). Collectively,
the uncontrolled IL-1β signaling elicited in Δfur-infected HH
mice mediated excessive influx of neutrophils and vice visa, which
produces high amounts of proinflammatory cytokines, leading to
rapid disruption of intestinal TJ, severe systemic infection, and
acute death. Blockade of IL-1β or neutrophils could ameliorate
overt pathology and subvert outcomes in hemochromatotic hosts.

Anti–IL-1β Treatment Ameliorates the Outcomes of Both Genetic
and Nongenetic Hemochromatotic Mice at Different Stages of Δfur
Infection. Our results showed that Δfur-infected hemochroma-
totic mice developed a rapid lethal infection within a short
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Fig. 5. Blockage of IL-1β prevents TJ disruption and rescues Δfur-infected HH mice. (A) Cytokine analysis of the small intestine from naïve-, Δfur-, or
PB1-infected HH mice (n = 4 per group) at 3 dpi. (B) Schematic of the neutralization of IL-1β in Δfur-infected HH mice. (C) Cytokines in the small intestine
of Δfur-infected mice (n = 4 per group) treated with anti–IL-1β or IgG at 3 dpi. (D and E) Quantification of neutrophils (CD11b+ Ly6G+) in the small intes-
tine (D), liver, or spleen (E) from Δfur-infected mice (n = 4 per group) treated with anti–IL-1β or IgG at 1 and 3 dpi using flow cytometry. (F) Serum FD4
levels in infected mice (n = 5 per group) at 3 dpi as described in B. (G) Bacterial load in different tissues of infected mice (n = 5 per group). (G) Survival of
Δfur-infected mice (n = 5 per group) treated with anti–IL-1β or IgG. ns, no significance; *P < 0.05; ***P < 0.001; ****P < 0.0001.
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period of time (Fig. 1 B and C), and Δfur-infected mice all sur-
vived after receiving an immediate administration of anti–IL-1β
(Fig. 5). In real scenarios, hemochromatosis patients infected
with siderophilic bacteria develop certain disease symptoms
before treatment. In addition, a human anti–IL-1β monoclonal
antibody (mAb), canakinumab, is being tested for treating mul-
tiple diseases in phase IIb/III trials (42). Thus, determining
which timepoint to administer anti–IL-1β during disease devel-
opment would be clinically relevant. Given this, survival and
the serum level of FD4 of Δfur-infected HH and iron-
overloaded B6 mice treated with anti-mouse IL-1β starting on
0, 1, or 2 dpi were evaluated. Initiation of anti–IL-1β therapy
from 0 dpi rescued 100% of both mice, and from 1 dpi rescued
80% of those mice (Fig. 7 A and C). During both early treat-
ments, mice were healthy as depicted by low levels of serum
FD4 (Fig. 7 B and D) and increased weight gaining during the
15-d observation period (SI Appendix, Fig. S8 F and G). How-
ever, administration of anti–IL-1β at 2 dpi only extended the
median survival times in both mice (Fig. 7 A and C) with sub-
stantially elevated levels of serum FD4 (Fig. 7 B and D). These
results indicate that early IL-1β blockage during infection can
be an effective strategy to prevent siderophilic infections in
hemochromatotic individuals.

Discussion
In this study, the Δfur mutant with high Ybt production, as a
siderophilic bacterium defined in previous studies (14, 43, 44),
manifested attenuation in normal iron-loaded mice but was
hypervirulent to iron-overloaded mice. In addition, high Ybt
production coupled with the high proliferation of Δfur under
excessive iron conditions contributed to its hypervirulence in
HH mice. Our data indicated that oral, intravenous, or

intraperitoneal administration with certain amounts of Ybt
alone could lead to complete mortality in mice (SI Appendix,
Fig. S4E). However, how Ybt causes lethality is unclear yet,
and needs to be pursued further. Similar to a previous study
(45), dissemination of PB1 was partially associated with M cells.
Interestingly, dissemination of Δfur within HH mice was inde-
pendent of M cells but resulted in rapid disruption of intestinal
TJ barrier as evidenced by the high-serum FD4 and decreased
expression of TJ proteins claudin-3, -5, -7, and ZO-1 at both
the transcriptional and translational levels. Studies have
reported that iron overload results in a defective TJ barrier in
humans and animals (46, 47). Therefore, the extraordinarily
rapid growth of Δfur in the intestine of HH mice because of
high production of Ybt coordinated with its receptor (Psn) may
exacerbate defect of TJ barrier, lead to loss of the intestinal
barrier, and promote bacterial dissemination to the blood, liver,
and other organs. The high-iron contents in these organs may
further promote explosive bacterial growth, resulting in sepsis,
severe tissue damage, and acute death.

Intestinal transcriptome and cytokine analyses demonstrated
that Δfur-infected HH mice had a dramatic increase of proin-
flammatory cytokines associated with the IL-1β signaling
pathway, neutrophil recruitment, NF-κB, and TNF-α signaling
pathways, and a decrease of TJ proteins associated with the
integrity of the intestinal barrier. Additionally, Δfur-infected
HH mice exhibited substantially increased production of the
antimicrobial protein Lcn2. However, the increased level of
Lcn2 seemed unable to control Δfur proliferation. As men-
tioned earlier (48), iron-overload tips the immunoregulatory
balance of hosts unfavorably and impairs host immunity, which
may favor the explosive proliferation of Δfur in HH mice. Lipo-
polysaccharide (LPS) injection in hemochromatotic mice is
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Fig. 6. Inhibition of neutrophilia prevents TJ disruption and rescues Δfur-infected HH mice. (A) Schematic of neutrophil depletion in Δfur-infected HH
mice. (B and C) Quantification of neutrophils (CD11b+ Ly6G+ GR1+) in the small intestine (B), liver, or spleen (C) from Δfur-infected mice (n = 4 per group)
treated with anti-Ly6G or the isotype control at 3 dpi using flow cytometry. (D) Cytokines in the small intestine homogenates at 3 dpi from infected mice
(n = 4) as in B. (E) Serum FD4 levels in infected mice (n = 5 per group) at 3 dpi as described in B. (F) Bacterial load in different tissues of infected mice
(n = 5 per group) at 3 dpi as described in B. (G) Survival of Δfur-infected mice (n = 5 per group) treated with anti-Ly6G or IgG. ns, no significance;
*P < 0.05; **P < 0.01; ****P < 0.0001.
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reported to induce acute inflammation and increase mortality
(46, 49). Y. pseudotuberculosis LPS is a potent proinflammatory
activator of TLR4 (50). Moreover, Lcn2 up-regulation is
TLR4-dependent (51), and Lcn2 in combination with Ybt can
strongly induce proinflammatory cytokine secretion (52). In
addition, iron-overload promotes gut leakage and translocation
of organismal molecules (46). Therefore, robust replication of
Δfur releases large amounts of LPS and Ybt that may easily
access to intestinal lamina propria of HH mice, and lead
to uncontrolled proinflammatory responses, aggressive tissue
damage, and acute death.

Moreover, iron-overload or siderophores compromises the
phagocytic and bactericidal capacities of neutrophils from mice
and humans (53, 54). In addition, Y. pseudotuberculosis can dis-
rupt intestinal barrier integrity through hematopoietic TLR2 sig-
naling (32). So, there is another possibility that high replications
of Δfur in the intestinal lumen of HH mice may activate TLR2/4
signaling and the paracellular transport of Δfur to lamina pro-
pria via the leaky gut, triggering elicitation of high amounts of
IL-1β and recruitment of excess neutrophils. Therefore, the
more compromised host responses caused by the combination of
iron-overload and Ybt in Δfur-infected HH mice may not effec-
tively control Yersinia infection, leading to detrimental conse-
quences. Further studies are required to test these hypotheses.

A dichotomous role of IL-1β in driving inflammation is
well documented (55). Low levels of IL-1β seem to help the reso-
lution of infection (56), whereas high amounts of IL-1β rele-
ase and excessive recruitment of neutrophils during intestinal
inflammation leads to hypercytokinemia and further exacerbates
disease status (57). Additionally, excessive IL-1β is known to
induce intestinal TJ permeability mediated by an increase in

MLCK protein expression and activity (58). The increased
MLCK disrupts the barrier integrity by perturbing the interaction
between TJ proteins and the actin-myosin cytoskeleton (58). Δfur
infection triggered high levels of MLCK in the intestine of HH
mice, which were correlated with substantially increased intestinal
TJ permeability, bacterial organ loads, and inflammatory cyto-
kines. Treatment with ML-9 decreased disruption of intestinal
permeability and significantly improved mouse survival. Direct
ablation of either IL-1β or neutrophils dramatically ameliorated
the Δfur infection-mediated rapid disruption of intestinal TJs and
led to better survival than inhibition of MLCK. Thus, alleviation
of the initially dysregulated inflammation would be more effec-
tive than that of downstream responses.

Altogether, our study suggests that unfettered IL-1β produc-
tion in the intestine of Δfur-infected iron-overloaded mice results
in excessive neutrophil infiltration and acute hyperinflammation,
causing rapid disruption of the intestinal barrier by activation of
MLCK, leading to profuse bacterial dissemination to the blood
and subsequent lethal systemic infection. More detailed mecha-
nisms about how Δfur infection trigger overwhelming responses
in iron-overloaded mice need to be deciphered in further studies.
In addition, anti–IL-1β treatment via an early intervention effec-
tively rescued genetic and nongenetic iron-overloaded mice with
Δfur infection, which provides a therapy for iron-overloaded
patients with severe siderophilic bacterial infections.

Methods
Bacterial Strains, Plasmids, Culture Conditions, and Molecular Protocols. All
the bacterial strains and plasmids used in this study are listed in SI Appendix,
Table S1. All the reagents, bacterial cultures, andmolecular and genetic proce-
dures used in this study are described in SI Appendix.
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Fig. 7. Anti–IL-1β treatment ameliorates the susceptibility of iron-overloaded mice to Δfur infection. Δfur-infected hemochromatotic mice were treated
with anti–IL-1β or IgG at 1 and 2 dpi, respectively. (A) Survival of HH mice (n = 5 per group). (B) Analysis of FD4 in serum from HH mice (n = 5 per group).
(C) Survival of iron-overloaded B6 mice (n = 5 per group). (D) Analysis of FD4 in serum from iron-overloaded B6 mice (n = 5 per group). ns, no significance;
**P < 0.01; ***P < 0.001; ****P < 0.0001.
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Ybt Detection and Quantification. The details of Ybt detection and quantifica-
tion are described in SI Appendix.

Animals and Animal Experiments. WT C57BL/6J (B6) and HH B6.129S6-
Hfetm2Nca/J mice in the B6 background were procured from Jackson Labora-
tories. BALB/c mice and SW mice were obtained from Taconic and Charles
Rivers, respectively. Mice were bred and/or housed in a specific pathogen-free
facility at the Albany Medical College. Male and female mice 6- to 8-wk old
were used in the present study. Animal studies were conducted following the
NIH Guide for the Care and Use of Laboratory Animals (59) and approved by
the Institutional Animal Care and Use Committee at Albany Medical College
(ACUP# 20-01001). Iron-overloaded B6 mice or iron-reduced HH mice were
generated as described in the SI Appendix. MLCK inhibition and depletion of
IL-1β or neutrophils were performed as described in SI Appendix. Depletion of
IL-1β or neutrophils was performed as described in the SI Appendix. Mice were
deprived of food and water for 6 h and then administered 200 μL of PBS
containing 5 × 108 CFU of the indicated Y. pseudotuberculosis by oral gavage
with PBS as a control. The mobility and mortality of infected animals
were monitored for 15 d. Bacterial burden in different tissues was determined
as described in SI Appendix. All the results were confirmed from two indepen-
dent experiments.

Iron Assay. The measurement of the iron content in mouse tissues and serum
using an iron assay kit is described in SI Appendix.

FITC-Dextran Assay. FITC-dextran assays for intestinal permeability are
described in SI Appendix.

Histopathology Analysis. Tissue sections were stained with H&E, immunos-
tained, and examined as described in SI Appendix.

Quantification of Cytokines/Chemokines. The cytokine/chemokine profiles of
small intestine homogenates of uninfected, PB1-, or Δfur-infected HH mice
were determined using the Bio-Plex Pro Mouse Cytokine Plex assay. The
details are provided in SI Appendix.

RNA-Sequencing Analysis of the Small Intestine. Uninfected, PB1-, or Δfur-
infected HH mice (n = 3 each group) were killed at 3 dpi, and their intestines
were harvested and stored in RNAlater at �80 °C. Total RNA was extracted
from frozen intestine sections using an RNAeasy mini kit (Qiagen) following
the manufacturer’s instructions. To remove trace DNA, a column DNase treat-
ment was performed using RNase-free DNase according to the manufacturer’s
instructions. The quality of total RNA was evaluated using an Agilent 2100
Bioanalyzer (Agilent Technologies). A complementary DNA library was pre-
pared using a New England Biolabs Ultra II Directional kit, and sequencing

was performed on the Nextseq500 system according to Illumina’s standard
protocol (https://en.novogene.com/). After sequencing, individual base calls
were demultiplexed and assigned to fastq files using Illumina’s bcl2fastq pro-
gram. Raw fastq files were then assessed for quality using FASTQC. Following
evaluation of quality and control, RNA-sequencing (RNA-seq) libraries were
aligned to the GRCm38/mm10 mouse reference genome, and gene counts
were generated using STAR. The RNA-seq data are uploaded to the Gene
Expression Omnibus (GEO) database and is available under accession no.
GSE180888. Analysis of differential gene expression was performed using the
DESeq2 package in R. Heatmaps were generated using heatmap, and dot
plots were generated using ggplot26.

GO and KEGG Enrichment Analyses. Significant DEGs were subjected to GO
enrichment analysis by the GOseq R Package to correct for the gene length
bias. GO analysis was performed using the GeneOntology online tool pow-
ered by Panther (https://geneontology.org/). The top GO categories were
identified according to the P value score. Pathway analysis of the significant
DEGs was performed using the KEGG database (https://www.kegg.jp/kegg/).
Statistical enrichment of the DEGs in KEGG pathways was tested using KOBAS.

Flow Cytometry Analysis. A single-cell suspension was prepared from the
intestine, spleen, and liver and stained with the fluorescently labeled antibod-
ies listed in SI Appendix. Data were acquired using a BD FACS Canto machine
and analyzed using FlowJo software. The total live neutrophil count was
normalized to the tissue weight and plotted as the number of live neutrophils
per gram tissue. The details are provided in SI Appendix.

Statistical Analysis. Statistical analyses of comparisons of data among groups
were performed with one-way ANOVA/univariate or two-way ANOVA with
the Tukey post hoc test. The log-rank (Mantel-Cox) test was used for survival
analysis. All data were analyzed using GraphPad PRISM 8.0 software. Data
are presented as the mean ± SD (ns, no significance; *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001). Experiments were repeated twice and
representatives of two individual experiments are depicted.

Data Availability. The data reported in this paper have been deposited in the
GEO database, https://www.ncbi.nlm.nih.gov/geo (accession no. GSE180888).
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