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Host-Derived Nitrate Boosts Growth
of E. coli in the Inflamed Gut
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Changes in the microbial community structure are observed in individuals with intestinal
inflammatory disorders. These changes are often characterized by a depletion of obligate anaerobic
bacteria, whereas the relative abundance of facultative anaerobic Enterobacteriaceae increases.
The mechanisms by which the host response shapes the microbial community structure, however,
remain unknown. We show that nitrate generated as a by-product of the inflammatory response
conferred a growth advantage to the commensal bacterium Escherichia coli in the large intestine of
mice. Mice deficient in inducible nitric oxide synthase did not support the growth of E. coli by
nitrate respiration, suggesting that the nitrate generated during inflammation was host-derived.
Thus, the inflammatory host response selectively enhances the growth of commensal
Enterobacteriaceae by generating electron acceptors for anaerobic respiration.

Over 90% of the cells in the human body
are microbes, the majority of which re-
side in the large intestine, where they

provide benefit to the host by stimulating the
development of the immune system, supply-
ing nutrients, and providing niche protection.

The lumen of the large bowel is thought to be
primarily anaerobic, with traces of oxygen being
consumed by facultative anaerobic bacteria
(such as Enterobacteriaceae), which constitute
a small fraction (approximately 0.1%) of the
microbial community (microbiota) (1). The vast
majority of microbes in the large intestine be-
long to the phyla Bacteroidetes (class Bacteroidia)
and Firmicutes (class Clostridia), two groups of
obligate anaerobic bacteria that lack the ability
to respire and instead rely on the fermentation
of amino acids and complex polysaccharides
for growth. On the phylum level, this bacterial
community structure is conserved between
humans and mice (1, 2). Conditions of inflam-
mation in the large bowel are accompanied by
a microbial imbalance (dysbiosis), however,
which is characterized by a marked decrease

in the representation of obligate anaerobic bac-
teria and an increased relative abundance of
facultative anaerobic bacteria belonging to the
family Enterobacteriaceae (3–12) (fig. S1, A
and B).

An important component of the host inflam-
matory response is the generation of reactive ni-
trogen species (RNS) and reactive oxygen species
(ROS) (fig. S1C). For example, inducible nitric
oxide synthase (iNOS) is expressed at high levels
during intestinal inflammation, and elevated nitric
oxide (NO·) concentrations are detected in the
colonic luminal gas of individuals with inflam-
matory bowel disease (13–15). The reaction of
nitric oxide radicals (NO·) with superoxide rad-
icals (O2·

–) yields peroxynitrite (ONOO–), which
can either generate nitrate (NO3

–) (16) or oxidize
organic sulfides and tertiary amines to S-oxides
and N-oxides (17, 18). Similarly, inflammation-
derived ROS can generate S-oxides and N-oxides
(17, 18). Unlike obligate anaerobic members of
the gut microbiota, the facultative anaerobic
Enterobacteriaceae can use nitrate, S-oxides,
and N-oxides as terminal electron acceptors for
anaerobic respiration. We thus hypothesized
that colitis produces dysbiosis because highly
oxidized by-products of intestinal inflamma-
tion (such as nitrate, S-oxides, and N-oxides)
might enable commensal Enterobacteriaceae to
edge out fermenting microbes in the gut lumen
by using anaerobic respiration for energy produc-
tion (fig. S1C).

Escherichia coli, a prototypic member of
the Enterobacteriaceae, possesses three nitrate
reductases, two S-oxide reductases, and three
N-oxide reductases encoded by the narGHJI,
narZYWV, napFDAGHBC, dmsABC, ynfDEFGH,
torCAD, torYZ, and yedYZ operons, respective-
ly (19). One common feature shared by these
terminal reductases is the incorporation of an
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Fig. 1. Anaerobic respiration enhances luminal
growth of E. coli during DSS-induced colitis.
(A) Competitive index (CI) of the EcN wild type
(WT) and the moaA mutant after anaerobic growth
in mucin broth supplemented with 40 mM of
the indicated electron acceptors (n = 3). (B)
Mock-treated mice (Mock), DSS-treated mice (DSS), or mice treated with
DSS and AG (DSS+AG) were inoculated with the indicated mixtures of
E. coli strains, and the CI in colon contents was determined 5 days after
inoculation. A plasmid (pMOA1) carrying the cloned moaA gene was used
to complement the moaA mutant (moaA). The number of animals (n) is

given in fig. S3C. (C) Concentration of nitrate (NO3
–) determined in the

cecal mucus layer of mock-treated mice (n = 4), DSS-treated mice (DSS, n = 3),
or mice treated with DSS+AG (n = 4). Bars represent geometric means T
SE. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not statistically significant
(Student’s t test).
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Changes in the microbial community structure are observed in individuals with intestinal
inflammatory disorders. These changes are often characterized by a depletion of obligate anaerobic
bacteria, whereas the relative abundance of facultative anaerobic Enterobacteriaceae increases.
The mechanisms by which the host response shapes the microbial community structure, however,
remain unknown. We show that nitrate generated as a by-product of the inflammatory response
conferred a growth advantage to the commensal bacterium Escherichia coli in the large intestine of
mice. Mice deficient in inducible nitric oxide synthase did not support the growth of E. coli by
nitrate respiration, suggesting that the nitrate generated during inflammation was host-derived.
Thus, the inflammatory host response selectively enhances the growth of commensal
Enterobacteriaceae by generating electron acceptors for anaerobic respiration.

Over 90% of the cells in the human body
are microbes, the majority of which re-
side in the large intestine, where they

provide benefit to the host by stimulating the
development of the immune system, supply-
ing nutrients, and providing niche protection.

The lumen of the large bowel is thought to be
primarily anaerobic, with traces of oxygen being
consumed by facultative anaerobic bacteria
(such as Enterobacteriaceae), which constitute
a small fraction (approximately 0.1%) of the
microbial community (microbiota) (1). The vast
majority of microbes in the large intestine be-
long to the phyla Bacteroidetes (class Bacteroidia)
and Firmicutes (class Clostridia), two groups of
obligate anaerobic bacteria that lack the ability
to respire and instead rely on the fermentation
of amino acids and complex polysaccharides
for growth. On the phylum level, this bacterial
community structure is conserved between
humans and mice (1, 2). Conditions of inflam-
mation in the large bowel are accompanied by
a microbial imbalance (dysbiosis), however,
which is characterized by a marked decrease

in the representation of obligate anaerobic bac-
teria and an increased relative abundance of
facultative anaerobic bacteria belonging to the
family Enterobacteriaceae (3–12) (fig. S1, A
and B).

An important component of the host inflam-
matory response is the generation of reactive ni-
trogen species (RNS) and reactive oxygen species
(ROS) (fig. S1C). For example, inducible nitric
oxide synthase (iNOS) is expressed at high levels
during intestinal inflammation, and elevated nitric
oxide (NO·) concentrations are detected in the
colonic luminal gas of individuals with inflam-
matory bowel disease (13–15). The reaction of
nitric oxide radicals (NO·) with superoxide rad-
icals (O2·

–) yields peroxynitrite (ONOO–), which
can either generate nitrate (NO3

–) (16) or oxidize
organic sulfides and tertiary amines to S-oxides
and N-oxides (17, 18). Similarly, inflammation-
derived ROS can generate S-oxides and N-oxides
(17, 18). Unlike obligate anaerobic members of
the gut microbiota, the facultative anaerobic
Enterobacteriaceae can use nitrate, S-oxides,
and N-oxides as terminal electron acceptors for
anaerobic respiration. We thus hypothesized
that colitis produces dysbiosis because highly
oxidized by-products of intestinal inflamma-
tion (such as nitrate, S-oxides, and N-oxides)
might enable commensal Enterobacteriaceae to
edge out fermenting microbes in the gut lumen
by using anaerobic respiration for energy produc-
tion (fig. S1C).

Escherichia coli, a prototypic member of
the Enterobacteriaceae, possesses three nitrate
reductases, two S-oxide reductases, and three
N-oxide reductases encoded by the narGHJI,
narZYWV, napFDAGHBC, dmsABC, ynfDEFGH,
torCAD, torYZ, and yedYZ operons, respective-
ly (19). One common feature shared by these
terminal reductases is the incorporation of an
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Fig. 1. Anaerobic respiration enhances luminal
growth of E. coli during DSS-induced colitis.
(A) Competitive index (CI) of the EcN wild type
(WT) and the moaA mutant after anaerobic growth
in mucin broth supplemented with 40 mM of
the indicated electron acceptors (n = 3). (B)
Mock-treated mice (Mock), DSS-treated mice (DSS), or mice treated with
DSS and AG (DSS+AG) were inoculated with the indicated mixtures of
E. coli strains, and the CI in colon contents was determined 5 days after
inoculation. A plasmid (pMOA1) carrying the cloned moaA gene was used
to complement the moaA mutant (moaA). The number of animals (n) is

given in fig. S3C. (C) Concentration of nitrate (NO3
–) determined in the

cecal mucus layer of mock-treated mice (n = 4), DSS-treated mice (DSS, n = 3),
or mice treated with DSS+AG (n = 4). Bars represent geometric means T
SE. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not statistically significant
(Student’s t test).
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1 x 104 colony forming units (CFU)/
ml in mucin broth + 40mM e-acceptor 

Competitive index (wt/moaA): 
 
“Competitive indices were calculated by 
normalizing the ratio of recovered wild-
type bacteria to mutant bacteria to the 
respective ratio in the inoculum.” 
 

Nitrate DMSO 
Dimethyl S-oxide 

TMAO 
Trimethylamine N-oxide 



Figure S1: Proposed mechanism for the dysbiosis observed during DSS-induced 
colitis. (A and B) Samples from mock-treated mice (Mock, N = 4) or DSS-treated mice 

(DSS, N = 3) five days after inoculation with E. coli K-12. (A) Representative H&E 

stained colonic sections. Scale bar, 50 µm. (B) Fraction of E. coli as percentage of the 

cecal bacterial population using 16S rRNA gene qRT-PCR. **, P < 0.01 (Student’s t-

test). (C) Proposed model for the generation of respiratory electron acceptors during gut 

inflammation. (D) Schematic of DSS treatment, AG treatment and E. coli inoculation 

regiments used for experiments shown in figures 1, 2 and 3.  
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inflammatory disorders. These changes are often characterized by a depletion of obligate anaerobic
bacteria, whereas the relative abundance of facultative anaerobic Enterobacteriaceae increases.
The mechanisms by which the host response shapes the microbial community structure, however,
remain unknown. We show that nitrate generated as a by-product of the inflammatory response
conferred a growth advantage to the commensal bacterium Escherichia coli in the large intestine of
mice. Mice deficient in inducible nitric oxide synthase did not support the growth of E. coli by
nitrate respiration, suggesting that the nitrate generated during inflammation was host-derived.
Thus, the inflammatory host response selectively enhances the growth of commensal
Enterobacteriaceae by generating electron acceptors for anaerobic respiration.

Over 90% of the cells in the human body
are microbes, the majority of which re-
side in the large intestine, where they

provide benefit to the host by stimulating the
development of the immune system, supply-
ing nutrients, and providing niche protection.

The lumen of the large bowel is thought to be
primarily anaerobic, with traces of oxygen being
consumed by facultative anaerobic bacteria
(such as Enterobacteriaceae), which constitute
a small fraction (approximately 0.1%) of the
microbial community (microbiota) (1). The vast
majority of microbes in the large intestine be-
long to the phyla Bacteroidetes (class Bacteroidia)
and Firmicutes (class Clostridia), two groups of
obligate anaerobic bacteria that lack the ability
to respire and instead rely on the fermentation
of amino acids and complex polysaccharides
for growth. On the phylum level, this bacterial
community structure is conserved between
humans and mice (1, 2). Conditions of inflam-
mation in the large bowel are accompanied by
a microbial imbalance (dysbiosis), however,
which is characterized by a marked decrease

in the representation of obligate anaerobic bac-
teria and an increased relative abundance of
facultative anaerobic bacteria belonging to the
family Enterobacteriaceae (3–12) (fig. S1, A
and B).

An important component of the host inflam-
matory response is the generation of reactive ni-
trogen species (RNS) and reactive oxygen species
(ROS) (fig. S1C). For example, inducible nitric
oxide synthase (iNOS) is expressed at high levels
during intestinal inflammation, and elevated nitric
oxide (NO·) concentrations are detected in the
colonic luminal gas of individuals with inflam-
matory bowel disease (13–15). The reaction of
nitric oxide radicals (NO·) with superoxide rad-
icals (O2·

–) yields peroxynitrite (ONOO–), which
can either generate nitrate (NO3

–) (16) or oxidize
organic sulfides and tertiary amines to S-oxides
and N-oxides (17, 18). Similarly, inflammation-
derived ROS can generate S-oxides and N-oxides
(17, 18). Unlike obligate anaerobic members of
the gut microbiota, the facultative anaerobic
Enterobacteriaceae can use nitrate, S-oxides,
and N-oxides as terminal electron acceptors for
anaerobic respiration. We thus hypothesized
that colitis produces dysbiosis because highly
oxidized by-products of intestinal inflamma-
tion (such as nitrate, S-oxides, and N-oxides)
might enable commensal Enterobacteriaceae to
edge out fermenting microbes in the gut lumen
by using anaerobic respiration for energy produc-
tion (fig. S1C).

Escherichia coli, a prototypic member of
the Enterobacteriaceae, possesses three nitrate
reductases, two S-oxide reductases, and three
N-oxide reductases encoded by the narGHJI,
narZYWV, napFDAGHBC, dmsABC, ynfDEFGH,
torCAD, torYZ, and yedYZ operons, respective-
ly (19). One common feature shared by these
terminal reductases is the incorporation of an
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Fig. 1. Anaerobic respiration enhances luminal
growth of E. coli during DSS-induced colitis.
(A) Competitive index (CI) of the EcN wild type
(WT) and the moaA mutant after anaerobic growth
in mucin broth supplemented with 40 mM of
the indicated electron acceptors (n = 3). (B)
Mock-treated mice (Mock), DSS-treated mice (DSS), or mice treated with
DSS and AG (DSS+AG) were inoculated with the indicated mixtures of
E. coli strains, and the CI in colon contents was determined 5 days after
inoculation. A plasmid (pMOA1) carrying the cloned moaA gene was used
to complement the moaA mutant (moaA). The number of animals (n) is

given in fig. S3C. (C) Concentration of nitrate (NO3
–) determined in the

cecal mucus layer of mock-treated mice (n = 4), DSS-treated mice (DSS, n = 3),
or mice treated with DSS+AG (n = 4). Bars represent geometric means T
SE. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not statistically significant
(Student’s t test).
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Figure S1: Proposed mechanism for the dysbiosis observed during DSS-induced 
colitis. (A and B) Samples from mock-treated mice (Mock, N = 4) or DSS-treated mice 

(DSS, N = 3) five days after inoculation with E. coli K-12. (A) Representative H&E 

stained colonic sections. Scale bar, 50 µm. (B) Fraction of E. coli as percentage of the 

cecal bacterial population using 16S rRNA gene qRT-PCR. **, P < 0.01 (Student’s t-

test). (C) Proposed model for the generation of respiratory electron acceptors during gut 

inflammation. (D) Schematic of DSS treatment, AG treatment and E. coli inoculation 

regiments used for experiments shown in figures 1, 2 and 3.  
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Figure S5: Inactivation of nitrate reductases in E. coli strains EcN and LF82. Wild-

type isolates (WT) of EcN and E. coli LF82 were used to generate a triple mutant lacking 

all nitrate reductases (napA nar narG). The narG narZ napA mutant was complemented 

by introducing a functional chromosomal napA allele and a plasmid (pNARG1) carrying 

the cloned narG gene (narG narZ napA[rest] [pNARG1]). As a control, the narG narZ 

napA mutant in which the napA allele had been restored (narG narZ napA[rest]) was 

transformed with a plasmid vector control (pWSK; pWSK29). (A, B, C, and E) Detection 

of nitrate reductase activity in the indicated E. coli strains cultured in LB broth containing 

40 mM nitrate (A, C, and E) or NCE minimal media containing 40 mM Glucose (Glc) and 

40 mM nitrate (B) (N = 3).  (D and F) Competitive index (CI) of the indicated mixtures of 

E. coli strains during anaerobic growth in mucin broth in the presence (+) or absence (-) 

of nitrate (NO3
-) (N = 3). (A-F) Bars represent geometric means of three independent 

experiments ± standard error. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not statistically 

significant (Student’s t-test). 
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essential molybdenum cofactor into the active site.
To test the idea that anaerobic respiration pro-
vides a growth benefit in the inflamed intestine,
we generated mutants deficient for the biosyn-
thesis of the molybdenum cofactor (moaA mu-
tants) in the Escherichia coli strains HS and
Nissle 1917 (EcN) (fig. S2, A and B). ThesemoaA
mutants were anaerobically cocultured with the
respective wild-type strains in mucin broth in the
presence or absence of nitrate, DMSO (dimethyl
S-oxide), or TMAO (trimethylamine N-oxide)
(Fig. 1A and fig. S2C). Enrichment for the E. coli
wild-type strains occurred in the presence of ni-
trate, DMSO, and TMAO, suggesting that an-
aerobic respiration can provide a growth benefit
during the anaerobic growth conditions encoun-
tered in the intestinal mucus layer.

We next inoculated untreated mice (C57BL/6
mice) or mice with chemically induced colitis [in-
duced by treatment with dextran sulfate sodium
(DSS)] intragastrically with an equal mixture of
EcN and its isogenic moaA mutant (fig. S1D).
Both the wild-type strain and the moaA mutant
colonized the intestine of mock-treated mice poor-
ly, but similar numbers of each strain were recov-
ered from colon contents 5 days after inoculation
(Fig. 1B). This result suggested that in the ab-
sence of intestinal inflammation, anaerobic respira-
tion did not provide a growth benefit for E. coli.
DSS treatment induced inflammation in the colon
and increased mRNA levels of proinflammatory
markers in wild-type mice (fig. S3). In contrast
to mock-treated mice, the EcN wild-type strain
was recovered from colon contents of DSS-treated

mice in significantly higher numbers than the
moaA mutant 5 days after inoculation. Similar
results were observed when DSS-treated mice
were inoculated with an equal mixture of the hu-
man commensal E. coli strain HS and an isogenic
moaA mutant. Expression of moaA from a low–
copy-number plasmid (pMOA1) in the EcNmoaA
mutant fully restored the phenotype to wild-type
levels. Outgrowth of the EcN wild-type strain
over the moaA mutant was also observed in the
DSS colitis model when mice were precolonized
with E. coli (fig. S4). These findings supported
the idea that anaerobic respiration provided a
growth advantage to commensal E. coli during
intestinal inflammation.

Although ROS can be generated by several
NADPH (reduced nicotinamide adenine dinucleo-
tide phosphate) oxidases, the sole source of
NO during inflammation is iNOS. To determine
the contribution of RNS to the growth advantage
mediated by anaerobic respiration, DSS-treated
mice were treated with the iNOS inhibitor amino-
guanidine hydrochloride (AG) and inoculated with
a mixture of the EcN wild type and the moaA
mutant. Consistent with the idea that RNS are
a significant source for the production of ter-
minal electron acceptors during inflammation,
the growth advantage of the EcN wild type over
the moaA mutant in the DSS-colitis model was
significantly (P < 0.01) blunted after AG treat-
ment (Fig. 1B). The nitrate/nitrite redox couple
has a greater redox potential than the DMSO/DMS
or the TMAO/TMA redox couples, which makes
nitrate the preferred respiratory electron accep-
tor for the growth of E. coli under anaerobic
conditions (19). Therefore, we next determined
whether nitrate becomes available in the lu-
men of the inflamed intestine. To accomplish
this objective, the concentration of nitrate was
determined in the cecal mucus layer of mock-
treated mice or mice with DSS-induced colitis
(Fig. 1C). Whereas nitrate levels were at the limit
of detection in mock-treated control mice, a
significant (P < 0.001) increase in nitrate lev-
els was observed in DSS-treated animals. AG
treatment of mice with DSS-induced colitis
significantly (P < 0.05) dampened nitrate pro-
duction, thus supporting the hypothesis that ni-
trate is generated in the intestinal lumen as part
of the host inflammatory response.

We next tested whether nitrate respiration
bestows a growth advantage on E. coli wild-
type isolates. To this end, we inactivated the narG,
napA, and narZ genes, which encode nitrate re-
ductases, in the probiotic EcN. In contrast to the
wild-type strain, the nitrate respiration–deficient
narG napA narZ triple mutant lacked nitrate
reductase activity and was outcompeted by the
wild-type strain during competitive anaerobic
growth in mucin broth in the presence of nitrate
(fig. S5). To determine whether nitrate respira-
tion provides a colonization advantage in the
intestine, mock-treated and DSS-treated wild-
type (C57BL/6) mice were inoculated intra-
gastrically with an equal mixture of the EcN

Fig. 2. Wild-type E. coli (WT) outcompetes a nitrate respiration–deficient mutant during colitis. Mock-
treated (Mock), DSS-treated (DSS), or DSS+AG-treated wild-type mice; Nos2-deficient mice (Nos2); or
mice harboring T cells deficient for the production of IL-10 (Cd4 Il10 mice) were inoculated with the
indicated mixtures of E. coli strains. narG narZ napA, E. coli nitrate respiration–deficient mutant. The
narG narZ napA mutant was complemented by introducing a functional chromosomal napA allele and
a plasmid (pNARG1) carrying the cloned narG gene [narG narZ napA(rest)(pNARG1)]. Pathological
changes in the colon (A and C) and the CI recovered from colon contents (B and D) were determined
5 days after inoculation. (A) and (C) Combined histopathology score in the colon. Each dot represents
data from an individual animal. Experiments were performed with EcN [(A) and (B)] or E. coli LF82
[(C) and (D)]. (B) and (D) Bars represent geometric means T SE. **P < 0.01, ***P < 0.001 (Student’s
t test). n is given in (A) and (C).
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essential molybdenum cofactor into the active site.
To test the idea that anaerobic respiration pro-
vides a growth benefit in the inflamed intestine,
we generated mutants deficient for the biosyn-
thesis of the molybdenum cofactor (moaA mu-
tants) in the Escherichia coli strains HS and
Nissle 1917 (EcN) (fig. S2, A and B). ThesemoaA
mutants were anaerobically cocultured with the
respective wild-type strains in mucin broth in the
presence or absence of nitrate, DMSO (dimethyl
S-oxide), or TMAO (trimethylamine N-oxide)
(Fig. 1A and fig. S2C). Enrichment for the E. coli
wild-type strains occurred in the presence of ni-
trate, DMSO, and TMAO, suggesting that an-
aerobic respiration can provide a growth benefit
during the anaerobic growth conditions encoun-
tered in the intestinal mucus layer.

We next inoculated untreated mice (C57BL/6
mice) or mice with chemically induced colitis [in-
duced by treatment with dextran sulfate sodium
(DSS)] intragastrically with an equal mixture of
EcN and its isogenic moaA mutant (fig. S1D).
Both the wild-type strain and the moaA mutant
colonized the intestine of mock-treated mice poor-
ly, but similar numbers of each strain were recov-
ered from colon contents 5 days after inoculation
(Fig. 1B). This result suggested that in the ab-
sence of intestinal inflammation, anaerobic respira-
tion did not provide a growth benefit for E. coli.
DSS treatment induced inflammation in the colon
and increased mRNA levels of proinflammatory
markers in wild-type mice (fig. S3). In contrast
to mock-treated mice, the EcN wild-type strain
was recovered from colon contents of DSS-treated

mice in significantly higher numbers than the
moaA mutant 5 days after inoculation. Similar
results were observed when DSS-treated mice
were inoculated with an equal mixture of the hu-
man commensal E. coli strain HS and an isogenic
moaA mutant. Expression of moaA from a low–
copy-number plasmid (pMOA1) in the EcNmoaA
mutant fully restored the phenotype to wild-type
levels. Outgrowth of the EcN wild-type strain
over the moaA mutant was also observed in the
DSS colitis model when mice were precolonized
with E. coli (fig. S4). These findings supported
the idea that anaerobic respiration provided a
growth advantage to commensal E. coli during
intestinal inflammation.

Although ROS can be generated by several
NADPH (reduced nicotinamide adenine dinucleo-
tide phosphate) oxidases, the sole source of
NO during inflammation is iNOS. To determine
the contribution of RNS to the growth advantage
mediated by anaerobic respiration, DSS-treated
mice were treated with the iNOS inhibitor amino-
guanidine hydrochloride (AG) and inoculated with
a mixture of the EcN wild type and the moaA
mutant. Consistent with the idea that RNS are
a significant source for the production of ter-
minal electron acceptors during inflammation,
the growth advantage of the EcN wild type over
the moaA mutant in the DSS-colitis model was
significantly (P < 0.01) blunted after AG treat-
ment (Fig. 1B). The nitrate/nitrite redox couple
has a greater redox potential than the DMSO/DMS
or the TMAO/TMA redox couples, which makes
nitrate the preferred respiratory electron accep-
tor for the growth of E. coli under anaerobic
conditions (19). Therefore, we next determined
whether nitrate becomes available in the lu-
men of the inflamed intestine. To accomplish
this objective, the concentration of nitrate was
determined in the cecal mucus layer of mock-
treated mice or mice with DSS-induced colitis
(Fig. 1C). Whereas nitrate levels were at the limit
of detection in mock-treated control mice, a
significant (P < 0.001) increase in nitrate lev-
els was observed in DSS-treated animals. AG
treatment of mice with DSS-induced colitis
significantly (P < 0.05) dampened nitrate pro-
duction, thus supporting the hypothesis that ni-
trate is generated in the intestinal lumen as part
of the host inflammatory response.

We next tested whether nitrate respiration
bestows a growth advantage on E. coli wild-
type isolates. To this end, we inactivated the narG,
napA, and narZ genes, which encode nitrate re-
ductases, in the probiotic EcN. In contrast to the
wild-type strain, the nitrate respiration–deficient
narG napA narZ triple mutant lacked nitrate
reductase activity and was outcompeted by the
wild-type strain during competitive anaerobic
growth in mucin broth in the presence of nitrate
(fig. S5). To determine whether nitrate respira-
tion provides a colonization advantage in the
intestine, mock-treated and DSS-treated wild-
type (C57BL/6) mice were inoculated intra-
gastrically with an equal mixture of the EcN

Fig. 2. Wild-type E. coli (WT) outcompetes a nitrate respiration–deficient mutant during colitis. Mock-
treated (Mock), DSS-treated (DSS), or DSS+AG-treated wild-type mice; Nos2-deficient mice (Nos2); or
mice harboring T cells deficient for the production of IL-10 (Cd4 Il10 mice) were inoculated with the
indicated mixtures of E. coli strains. narG narZ napA, E. coli nitrate respiration–deficient mutant. The
narG narZ napA mutant was complemented by introducing a functional chromosomal napA allele and
a plasmid (pNARG1) carrying the cloned narG gene [narG narZ napA(rest)(pNARG1)]. Pathological
changes in the colon (A and C) and the CI recovered from colon contents (B and D) were determined
5 days after inoculation. (A) and (C) Combined histopathology score in the colon. Each dot represents
data from an individual animal. Experiments were performed with EcN [(A) and (B)] or E. coli LF82
[(C) and (D)]. (B) and (D) Bars represent geometric means T SE. **P < 0.01, ***P < 0.001 (Student’s
t test). n is given in (A) and (C).
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wild type and a narG napA narZ triple mutant
(Fig. 2). In the absence of inflammation (mock
treatment, Fig. 2A and figs. S6 and S7), both the
EcN wild type and the narG napA narZ triple
mutant were recovered in similar numbers from
colonic (Fig. 2B) and cecal contents (fig. S8A).
In contrast, the EcN wild-type strain was more
abundant than the narG napA narZ triple mutant
when colitis was induced by administration of
DSS. Similar results were obtained using an ad-
herent invasive E. coli (AIEC) isolate (LF82)
that was isolated from an inflammatory bowel
disease patient (Fig. 2, C and D, and fig. S5, C
and D). To test whether nitrate respiration
provides a growth benefit in the absence of
iNOS-dependent nitrate production, the compet-
itive colonization experiment was repeated in DSS-
treated iNOS-deficient mice (i.e., mice carrying
a mutation in the Nos2 gene) and DSS-treated
wild-type mice (C57BL/6) that received AG.
The severity of the colitis induced by the DSS
treatment was similar among all treatment groups
(Fig. 2A and fig. S7) 5 days after inoculation
with E. coli. The EcN wild type and its nitrate
respiration–deficient mutant were recovered in

equal numbers from DSS-treated iNOS-deficient
mice or from DSS+AG-treated wild-type mice.
Similar results were obtained using varying con-
centrations of DSS (fig. S9) as well as with
E. coli strain K-12 (fig. S10). Concomitant ex-
pression of narG from a low–copy-number
plasmid (pNARG1) and restoration of the napA
mutation to its wild-type allele [napA(restored)]
in the narG narZ napA mutant reestablished
fitness in the inflamed gut to similar levels as
observed with the wild-type strain (Fig. 2B and
fig. S8A). Collectively, these data suggested
that the reduction of host-derived nitrate by
E. coli confers a growth advantage during gut
inflammation.

To validate our findings in a second murine
model of colitis, we generated mice that har-
bored T cells deficient for the production of the
anti-inflammatory cytokine interleukin-10 (IL-10)
[Cd4 Il10 mice (Il10flox/flox Cd4-cre)], a mouse
strain that developed spontaneous colitis (Fig.
2A and S7) (20). After the onset of intestinal
inflammation, mice were inoculated intragas-
trically with an equal mixture of the EcN wild
type and the narG napA narZ triple mutant

(Fig. 2B). The nitrate respiration–proficient wild-
type strain outcompeted the narG napA narZ
mutant in the colon contents of Cd4 Il10 mice
5 days after inoculation (P < 0.05). To inves-
tigate whether the growth of E. coli by nitrate
respiration can also be observed in an unrelated
animal model of intestinal inflammation, bovine
ligated ileal loops were inoculated with thapsi-
gargin, a proinflammatory compound, or mock-
treated (vehicle control) (Fig. 3, A to C). At 8 hours
after the inoculation of thapsigargin-treated loops
with a mixture of EcN and the narG napA narZ
mutant, significantly (P < 0.05) greater numbers of
wild-type EcN were recovered from luminal fluid
and mucus (Fig. 3D).

To determine whether nitrate respiration in-
creases bacterial recovery from the inflamed in-
testine when mice are inoculated with a single
E. coli strain, DSS-treated mice were inocu-
lated either with the EcN wild-type strain or
with the narG napA narZ mutant. Mice inoc-
ulated with EcN or the narG napA narZ mutant
exhibited a similar severity of colonic inflam-
mation (Fig. 3, E to G). The EcN wild-type
strain was recovered in significantly (P < 0.01)

Fig. 3. Nitrate respiration enhances luminal growth of EcN during in-
flammation. (A to D) Bovine ligated ileal loops treated with thapsigargin
or mock-treated (vehicle) were inoculated with a mixture of EcN (WT) and
a nitrate respiration–deficient mutant (narG napA narZ). Samples were
collected 8 hours after inoculation. (A) Representative hematoxylin and
eosin (H&E)–stained ileal sections. Scale bar, 200 mm. (B) Combined his-
topathology score in the ileum. Each dot represents data from an individual
animal. (C) Fluid accumulation in ligated ileal loops. (D) CIs recovered from
the luminal fluid (open bars) or mucus scrapings (solid bars). (E to H) DSS-
treated mice were inoculated either with EcN (WT) or with the narG napA

narZ mutant. Inflammation in the colon (E to G) and bacterial numbers
recovered from colon contents (E) were determined 5 days after inoculation.
(E) Representative H&E-stained colonic sections. Scale bar, 100 mm. (F)
Combined histopathology score in the colon. (G) Expression of Nos2, Kc,
and Tnfa in colonic RNA samples analyzed by quantitative real-time
polymerase chain reaction (fold increases over mock-treated mice). (H)
Bacterial numbers [colony-forming units (CFU)] recovered from colon con-
tents. In (C), (D), (G), and (H), bars represent geometric means T SE. *P <
0.05, **P < 0.01; ns, not statistically significant (Student’s t test). n is given
in (B) and (F).
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wild type and a narG napA narZ triple mutant
(Fig. 2). In the absence of inflammation (mock
treatment, Fig. 2A and figs. S6 and S7), both the
EcN wild type and the narG napA narZ triple
mutant were recovered in similar numbers from
colonic (Fig. 2B) and cecal contents (fig. S8A).
In contrast, the EcN wild-type strain was more
abundant than the narG napA narZ triple mutant
when colitis was induced by administration of
DSS. Similar results were obtained using an ad-
herent invasive E. coli (AIEC) isolate (LF82)
that was isolated from an inflammatory bowel
disease patient (Fig. 2, C and D, and fig. S5, C
and D). To test whether nitrate respiration
provides a growth benefit in the absence of
iNOS-dependent nitrate production, the compet-
itive colonization experiment was repeated in DSS-
treated iNOS-deficient mice (i.e., mice carrying
a mutation in the Nos2 gene) and DSS-treated
wild-type mice (C57BL/6) that received AG.
The severity of the colitis induced by the DSS
treatment was similar among all treatment groups
(Fig. 2A and fig. S7) 5 days after inoculation
with E. coli. The EcN wild type and its nitrate
respiration–deficient mutant were recovered in

equal numbers from DSS-treated iNOS-deficient
mice or from DSS+AG-treated wild-type mice.
Similar results were obtained using varying con-
centrations of DSS (fig. S9) as well as with
E. coli strain K-12 (fig. S10). Concomitant ex-
pression of narG from a low–copy-number
plasmid (pNARG1) and restoration of the napA
mutation to its wild-type allele [napA(restored)]
in the narG narZ napA mutant reestablished
fitness in the inflamed gut to similar levels as
observed with the wild-type strain (Fig. 2B and
fig. S8A). Collectively, these data suggested
that the reduction of host-derived nitrate by
E. coli confers a growth advantage during gut
inflammation.

To validate our findings in a second murine
model of colitis, we generated mice that har-
bored T cells deficient for the production of the
anti-inflammatory cytokine interleukin-10 (IL-10)
[Cd4 Il10 mice (Il10flox/flox Cd4-cre)], a mouse
strain that developed spontaneous colitis (Fig.
2A and S7) (20). After the onset of intestinal
inflammation, mice were inoculated intragas-
trically with an equal mixture of the EcN wild
type and the narG napA narZ triple mutant

(Fig. 2B). The nitrate respiration–proficient wild-
type strain outcompeted the narG napA narZ
mutant in the colon contents of Cd4 Il10 mice
5 days after inoculation (P < 0.05). To inves-
tigate whether the growth of E. coli by nitrate
respiration can also be observed in an unrelated
animal model of intestinal inflammation, bovine
ligated ileal loops were inoculated with thapsi-
gargin, a proinflammatory compound, or mock-
treated (vehicle control) (Fig. 3, A to C). At 8 hours
after the inoculation of thapsigargin-treated loops
with a mixture of EcN and the narG napA narZ
mutant, significantly (P < 0.05) greater numbers of
wild-type EcN were recovered from luminal fluid
and mucus (Fig. 3D).

To determine whether nitrate respiration in-
creases bacterial recovery from the inflamed in-
testine when mice are inoculated with a single
E. coli strain, DSS-treated mice were inocu-
lated either with the EcN wild-type strain or
with the narG napA narZ mutant. Mice inoc-
ulated with EcN or the narG napA narZ mutant
exhibited a similar severity of colonic inflam-
mation (Fig. 3, E to G). The EcN wild-type
strain was recovered in significantly (P < 0.01)

Fig. 3. Nitrate respiration enhances luminal growth of EcN during in-
flammation. (A to D) Bovine ligated ileal loops treated with thapsigargin
or mock-treated (vehicle) were inoculated with a mixture of EcN (WT) and
a nitrate respiration–deficient mutant (narG napA narZ). Samples were
collected 8 hours after inoculation. (A) Representative hematoxylin and
eosin (H&E)–stained ileal sections. Scale bar, 200 mm. (B) Combined his-
topathology score in the ileum. Each dot represents data from an individual
animal. (C) Fluid accumulation in ligated ileal loops. (D) CIs recovered from
the luminal fluid (open bars) or mucus scrapings (solid bars). (E to H) DSS-
treated mice were inoculated either with EcN (WT) or with the narG napA

narZ mutant. Inflammation in the colon (E to G) and bacterial numbers
recovered from colon contents (E) were determined 5 days after inoculation.
(E) Representative H&E-stained colonic sections. Scale bar, 100 mm. (F)
Combined histopathology score in the colon. (G) Expression of Nos2, Kc,
and Tnfa in colonic RNA samples analyzed by quantitative real-time
polymerase chain reaction (fold increases over mock-treated mice). (H)
Bacterial numbers [colony-forming units (CFU)] recovered from colon con-
tents. In (C), (D), (G), and (H), bars represent geometric means T SE. *P <
0.05, **P < 0.01; ns, not statistically significant (Student’s t test). n is given
in (B) and (F).
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Colonic samples, 5 days after inoculation 

Figure S1: Proposed mechanism for the dysbiosis observed during DSS-induced 
colitis. (A and B) Samples from mock-treated mice (Mock, N = 4) or DSS-treated mice 

(DSS, N = 3) five days after inoculation with E. coli K-12. (A) Representative H&E 

stained colonic sections. Scale bar, 50 µm. (B) Fraction of E. coli as percentage of the 

cecal bacterial population using 16S rRNA gene qRT-PCR. **, P < 0.01 (Student’s t-

test). (C) Proposed model for the generation of respiratory electron acceptors during gut 

inflammation. (D) Schematic of DSS treatment, AG treatment and E. coli inoculation 

regiments used for experiments shown in figures 1, 2 and 3.  
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Anaerobic respiration of Escherichia coli in the mouse intestine. 
Jones SA, Gibson T, Maltby RC, Chowdhury FZ, Stewart V, Cohen PS, 
Conway T. 
Department of Botany and Microbiology, University of Oklahoma, Norman, OK 
73019-0245, USA. 
 
 
 
…We found that E. coli uses nitrate and fumarate in the intestine, but not 
nitrite, dimethyl sulfoxide, or trimethylamine N-oxide. 
 
 
 
…Since nitrate is highest in the absence of E. coli, we conclude that E. coli is 
the only bacterium in the streptomycin-treated mouse large intestine that 
respires nitrate 
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Editor's Summary

 
 
 

will be a viable target for treating AD and other allergic diseases.
ILCshuman ILC2s in skin inflammation, but these preliminary data in mice and humans suggest that targeting group 2 

mechanism that contrasts what has been reported in lungs and intestine. Future functional studies will be needed for
colleagues show that ILC2s are always present in healthy skin, but accumulate in AD lesions and function by a 

Group 2 ILCs have not yet been described in skin barrier function in humans. In these studies, Kim and

dependent on TSLP. Depletion of the ILCs attenuated AD-like dermatitis in mice.
yet!!which are normally implicated in group 2 ILC responses!!mechanism was also independent of IL-25 and IL-33

 cells (a marker of group 3 ILCs). The+t"pathogenesis was initiated independently of adaptive immunity and ROR
. noted that ILC2s were increased and that ADet aldependent on these cytokines. In a mouse model of AD, Kim 

authors investigated in mice whether the ILC2s played a role in inflammation at the skin barrier and if they were 
linked to cytokines interleukin-33 (IL-33), IL-25, and thymic stromal lymphopoietin (TSLP) in the skin. To this end, the
the lesions of AD patients. In healthy mouse skin, the authors identified a similar ILC2 population. AD in humans is 

 group 2 ILCs (ILC2s) in!t" ROR+ IL-33R+ CD25!subjects and from the lesions of AD patients. There were more Lin
. analyzed cells isolated from the skin tissue of healthy controlet althat they also play a role in skin inflammation, Kim 

ILCs have been reported in inflamed nasal polyps in people, as well as in inflamed lungs in mice. Hypothesizing

that contribute to disease pathogenesis.
been clear. Now, Kim and colleagues identify a subset of innate lymphoid cells (ILCs) in both human and mouse skin 

not(AD), this barrier is disrupted, leading to inflammation. The role of various immune cells in this chronic disease has 
The skin acts like soft armor, protecting the body from disease and environmental insults. In atopic dermatitis

Immune Cell Activity at the Skin Barrier
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1.  Presence of constitutive ILC2 population in human/mouse skin 

2.  ILC2 population accumulates during atopic dermatitis (AD) 

3.  This ILC2 population in the skin does depend on TSLP (and not IL-33 or IL-25) 

 



MC903 treatment, C57BL/6 wild-type mice exhibited an increase in the
frequency of CD25+ CD90+ ILCs producing IL-5 and IL-13 in the skin
dLNs (Fig. 3C). Further, the accumulation and activation of group 2
ILCs were associated with increased ear thickening (Fig. 3D).

Enrichment of group 2 ILCs in AD skin is independent of
adaptive immunity
Although the contribution of the adaptive immune response in exper-
imental AD is well characterized (21–23), the role of innate immune cells

in AD-like inflammation remains poorly understood. To test
whether AD-like inflammation can occur independently of
adaptive immunity, we treated lymphocyte-deficient Rag1−/−

mice topically with MC903. AD-like inflammation induced
in Rag1−/− mice was associated with the accumulation of
CD25+ IL-33R+ group 2 ILCs in the ear skin (Fig. 4A). In ad-
dition, there was a significant increase in the frequency and
absolute number of CD25+ IL-33R+ group 2 ILCs in the skin
dLNs (Fig. 4B). As observed in C57BL/6 wild-type mice, ILCs
in the skin dLNs of vehicle control–treated Rag1−/− mice
produced both IL-5 and IL-13, which were significantly
enriched in the setting of MC903-induced AD-like inflam-
mation (Fig. 4C). Associated with the group 2 ILC responses
and expression of type 2 cytokines by group 2 ILCs, Rag1−/−

mice also exhibited increased ear thickening (Fig. 4D).
There was a population of Lin− CD25+ IL-33R– cells in

the skin dLNs of Rag1−/− mice that expressed RORgt, con-
sistent with a group 3 ILC phenotype (fig. S4A). Therefore,
to test whether RORgt-dependent ILCs contribute to AD-
like inflammation, Rorc−/− mice were treated with topical
MC903 for 7 days. Both C57BL/6 wild-type and Rorc−/−mice
exhibited comparable levels of ear thickening (fig. S4B)
and similar histopathologic changes in the skin (fig. S4C),
indicating that RORgt-dependent group 3 ILCs do not con-
tribute to the pathogenesis of MC903-induced AD-like dis-
ease. Collectively, these data show that AD-like inflammation
can be initiated independently of adaptive immunity and
RORgt+ cells and that the accumulation and activation of
group 2 ILCs are associated with an innate form of AD-like
inflammation. Further, these data suggest a potential role
for skin-associated group 2 ILCs in regulating innate im-
munity and inflammation in the skin.

Depletion of ILCs attenuates AD-like
dermatitis in mice
To test the functional role of group2 ILCs inAD-like inflamma-
tion, we used an anti-CD25monoclonal antibody (mAb) to
deplete ILCs inmice lackingT andB cells (24).Rag1−/−mice
were given either isotype or anti-CD25mAb, and ILC responses
and AD-like inflammation were assessed at day 7. Adminis-
tration of anti-CD25 mAb effectively depleted CD25+ IL-33R+

ILCs in the skin dLNs, demonstrating the effectiveness of this
strategy (Fig. 5A). Depletion of CD25+ ILCs resulted in reduced
IL-5 and IL-13 production in the ear skin (Fig. 5B). Further, this
reduction in type 2 cytokine responses was associated with
significantly diminished ear thickening (Fig. 5C). Finally, ILC
depletion resulted in reduced orthokeratosis and acanthosis,
as well as a reduction in dermal inflammation consisting of
mononuclear leukocytes and granulocytes (Fig. 5D).

To confirm these findings using an alternative depletion strategy,
we treated Rag1−/− mice with anti-CD90.2 mAb and assessed AD-
like inflammation. This method also resulted in effective depletion of
CD25+ ILCs (fig. S5A), attenuation of ear thickening (fig. S5B), reduced
histopathological changes associated with AD-like inflammation (fig. S5C),
and attenuated dermal infiltration of mononuclear leukocytes and gran-
ulocytes (fig. S5C). These observations, using two different depletion
strategies, indicate a critical role for CD25+ IL-33R+ ILCs in promoting
AD-like inflammation.

Fig. 2. Skin-residentgroup2 ILCsarepresent inmurine skin. (A) Identificationof skin-resident
ILCs in C57BL/6 wild-type (WT) mice by flow cytometry as Lin− CD25+ IL-33R+ cells. All cell fre-
quencies are given as a percentage of total Lin− cells. (B) Expression of cell surfacemarkers
on Lin− CD25+ IL-33R+ murine skin-resident ILCs (solid black line) compared to fluores-
cence minus one controls (FMO; gray-shaded). (C) Expression of cell surface markers
and RORgt-GFP (green fluorescent protein) on Lin− CD25+ IL-33R+ murine skin-resident ILCs
fromBAC-transgenic Rorc(gt)-GfpTGmice. Data frommurine skin tissue are representative
of more than five independent experiments; n = 3 to 4 mice per group per experiment.
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Lin− CD25+ IL-33R+ ILC2s isolated from lesional AD skin 
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CRTH2 and CD161 (fig. S1C), indicating that the ILC2s 
present in AD lesions either are a distinct population of ILCs or 
are in a different state of activation from those ILC2s found in 
the healthy skin. 
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Model of murine atopic dermatitis (Hener et al. 2009) 

Supplementary Figure 3 
A C 

EtOH MC903 

Ig
E

 (n
g/

m
L)

 

0 

500 

1000 

B 
* 

WT + EtOH WT + MC903 

Ear skin 

EtOH MC903 

Day 7 

Day 14 

Protocol: 
•  Topical application of calcipotriol (MC903) – VitD analogon onto skin 
•  Chronic eczematous dermatitis, ear thickening and xerosis  
•  by day 7  

Orthokeratosis 
 
Granulocytes 
 
Acanthosis 
 
Mononuclear cells 



IL-33 and IL-25 are dispensable for group 2 ILC
responses in the skin
IL-33 has recently been reported to be a dominant cytokine that pro-
motes group 2 ILC responses and inflammation in models of aller-
gic airway disease and helminth infection (10–12). AD is primarily
a type 2 inflammatory disease in which levels of IL-33 are elevated
(25). Therefore, to test whether IL-33–IL-33R signaling is required
to promote group 2 ILC responses in the skin and AD-like inflam-
mation, Il33−/− mice were tested in the AD-like disease model. Un-
expectedly, genetic deletion of IL-33 did not result in the reduction
of CD25+ IL-33R+ group 2 ILC responses in the skin dLNs in the
context of AD-like inflammation (Fig. 6A). Further, similar increases
in ear thickness (Fig. 6B) and AD-like histopathological changes were
evident in both C57BL/6 wild-type and Il33−/− mice (Fig. 6C), indicat-

ing that group 2 ILC–dependent skin in-
flammation was independent of IL-33–
IL-33R interactions.

In addition to IL-33, IL-25 has been
shown to elicit group 2 ILC responses in
both mouse and human tissues and is re-
ported to be elevated in lesional human
AD skin (10, 11, 16, 26). Therefore, using
mice deficient in IL-25R (Il17rb−/−), we
tested whether group 2 ILC responses as-
sociated with AD-like inflammation were
dependenton IL-25–IL-25R signaling. Sim-
ilar to the results observed in Il33−/− mice
(Fig. 6), genetic disruption of IL-25–IL-
25R signaling did not affect CD25+ IL-
33R+ group 2 ILC responses in the skin
dLNs (fig. S6A). Ear thickness (fig. S6B)
and histopathological changes observed
in Il17rb−/− mice were similar to those ob-
served in C57BL/6 wild-type mice after
treatment with MC903 (fig. S6C).

Group 2 ILC responses in the skin
are dependent on TSLP–TSLP
receptor interactions
Previous studies have demonstrated that
keratinocyte-derived TSLP expression is
associated with progression of AD-like
disease (20). Recent in vitro studies have
suggested that both murine and human
group 2 ILCs are responsive to TSLP
stimulation (17, 24), but the potential in-
fluence of TSLP signaling on ILC responses
in vivo remains unknown. We observed
that the development of AD-like inflam-
mation resulted in robust induction of
TSLP from inflamed skin but not control
skin (Fig. 7A). Further, group 2 ILCs iso-
lated from C57BL/6 wild-type mice ex-
pressed the TSLP receptor (TSLPR), as
well as its co-receptor subunit CD127, in-
dicating potential direct responsiveness
of these cells to TSLP (Fig. 7B). To directly
test whether TSLP-TSLPR interactions are

necessary for group 2 ILC responses in the skin, we examined Tslpr−/−

mice in the model of AD-like inflammation and analyzed group 2 ILC
responses at day 7. Genetic deletion of TSLPR significantly impaired
CD25+ IL-33R+ group 2 ILC responses, as measured by both frequency
and absolute cell number (Fig. 7C). Ear thickness (Fig. 7D) and histo-
pathologic changes of orthokeratosis, acanthosis, and mononuclear leu-
kocyte and granulocyte infiltration were also markedly ameliorated after
induction of AD-like inflammation in Tslpr−/− mice (Fig. 7E).

Transient disruption of TSLP-TSLPR signaling also inhibited group
2 ILC responses in AD-like inflammation in both lymphocyte-sufficient
and lymphocyte-deficient hosts. C57BL/6 wild-type and Rag1−/− mice
were treated with a neutralizing anti-TSLP mAb in the context of
MC903-induced AD-like inflammation. mAb-mediated neutralization
of TSLP resulted in a marked reduction in the frequency and absolute

Fig. 3. Skin-resident group 2 ILCs are enriched in a mouse model of AD-like inflammation. C57BL/6
WT mice were treated with vehicle control (EtOH) or MC903. (A) Representative flow cytometry plots and
frequencies of Lin− CD25+ IL-33R+ ILCs from ear skin. (B) Representative flow cytometry plots, frequen-
cies, and absolute cell numbers of Lin− CD25+ IL-33R+ ILCs from the skin dLNs. (C) Representative flow
cytometry plots and frequencies of IL-5+ IL-13+ ILCs from the skin dLNs of treated mice that were also
stimulated with phorbol 12-myristate 13-acetate (PMA)/ionomycin. Flow cytometry plots are gated on
Lin− CD25+ CD90+ cells. (D) Ear thickness measurements. All data are from day 7 of treatment and are
representative of more than three independent experiments; n = 3 to 4 mice per group per experiment.
Cell frequencies in (A) and (B) are given as a percentage of total Lin− cells. All statistical analyses of ear
thickness measurements were performed on day 7. *P < 0.05, **P < 0.01, ***P < 0.001, Student’s t test.
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number of CD25+ IL-33R+ group 2 ILCs in the skin dLNs after induc-
tion of AD-like inflammation in both C57BL/6 wild-type (fig. S7A) and
Rag1−/− mice (fig. S8A). Decreased ILC responses were also associated
with diminished ear thickness in both C57BL/6 wild-type (fig. S7B) and
Rag1−/− mice (fig. S8B) and less orthokeratosis, acanthosis, and dermal
mononuclear and granulocytic infiltrates in the skin in both C57BL/6
wild-type mice (fig. S7C) and Rag1−/− mice (fig. S8C).

To test whether TSLP can directly activate group 2 ILCs, we sort-
purified Lin− CD25+ IL-33R+ cells from the skin dLNs of MC903-treated
C57BL/6 wild-type mice and cultured them in vitro (fig. S9A). Similar to
group 2 ILCs isolated from the lung (24), IL-33 stimulation induced
expression of effector cytokines IL-5 and IL-13 from purified group 2
ILCs isolated from the skin dLNs. Critically, culturing group 2 ILCs with
recombinant TSLP (rTSLP) in addition to rIL-33 resulted in enhanced

production of IL-5 and IL-13, indicating
that TSLP can act directly on group 2 ILCs
(fig. S9B). Together, these results indicate
that the TSLP-TSLPR pathway is a direct
and crucial regulator of IL-25– and IL-33–
independent group 2 ILC responses and
type 2 inflammation in the skin.

TSLP-elicited group 2 ILC
responses are independent of
IL-33 signaling
In vitro studies have shown that activation
of murine and human group 2 ILCs by
IL-33 in combination with TSLP can en-
hance IL-5 and IL-13 production, indi-
cating that in some circumstances, TSLP
may act in synergy with IL-33 (fig. S9)
(17, 24). To test whether TSLP alone is suf-
ficient to elicit IL-33–independent group 2
ILC responses, both C57BL/6 wild-type
and Il33−/−mice were injected intravenously
with a complementary DNA (cDNA) plas-
mid encoding TSLP (27). Delivery of TSLP
cDNA resulted in a significant increase in
the frequency and absolute cell number of
CD25+ IL-33R+ group 2 ILCs in the skin
dLNs of both C57BL/6 wild-type (Fig. 8A)
and Il33−/− (Fig.8B)mice.Althoughthemag-
nitude of group 2 ILC responses in Il33−/−

mice was lower than in C57BL/6 wild-type
mice, Il33−/−mice still exhibited a significant
increase in the frequency and absolute num-
ber of group 2 ILCs in the skin dLNs after
TSLP cDNA injection (Fig. 8B).

TSLP-elicited group 2 ILCs
promote AD-like disease in
lymphocyte-sufficient mice
TSLP-elicited group 2 ILCs are critical
to the pathogenesis of AD-like disease in
lymphocyte-deficient mice, but whether they
contribute to inflammation in the context
of a functional adaptive immune system has
not been tested. Using a gain-of-function

approach, we sort-purified group 2 ILCs from MC903-treated C57BL/6
wild-type mice and adoptively transferred them by intradermal injection
into naïve C57BL/6 wild-type recipient mice (fig. S10A). After adoptive
transfer, the recipient mice demonstrated enhanced IL-4, IL-5, and IL-13
production from T cells in the skin dLNs (fig. S10B), and histological anal-
ysis revealed AD-like features in the skin (fig. S10C). Thus, group 2 ILCs
can promote AD-like disease in healthy, lymphocyte-sufficient C57BL/6
wild-type mice in the absence of external stimuli and tissue damage.

DISCUSSION

Recent studies have demonstrated that group 2 ILCs are present in the
lung and intestine of humans and mice and can play major roles in

Fig. 4. Skin-resident group 2 ILCs are enriched in AD-like inflammation independent of adaptive im-
munity. Rag1−/− mice were treated with vehicle control (EtOH) or MC903. (A) Representative flow cytom-
etry plots and frequencies of Lin− CD25+ IL-33R+ ILCs from Rag1−/− ear skin. (B) Representative flow
cytometry plots, frequencies, and absolute cell numbers of Lin− CD25+ IL-33R+ ILCs from the skin dLNs.
(C) Representative flow cytometry plots and frequencies of IL-5+ IL-13+ ILCs from the skin dLNs of treated
mice also stimulated with PMA/ionomycin. Flow cytometry plots are gated on Lin− CD25+ CD90+ cells.
(D) Ear thickness measurements. All data are from day 7 of treatment and are representative of more
than three experiments; n = 3 to 4 mice per group per experiment. Cell frequencies in (A) and (B) are
given as a percentage of total Lin− cells. All statistical analyses of ear thickness measurements were per-
formed on day 7. *P < 0.05, **P < 0.01, Student’s t test.
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Do RORγt ILCs contribute to disease?  rorc-/- 

Supplementary Figure 4 
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Are ILCs critical for AD induction?  Depletion of ILC with with either  
anti-CD25 or anti-CD90 mAb 

promoting immunity, inflammation, and tissue repair at those barrier
surfaces (6, 9–12, 17, 19, 28, 29). Group 2 ILCs require expression of
Id2, RORa, and GATA3 for their development (1, 19, 28, 29); are clas-
sically activated by IL-33 and IL-25; and express the effector molecules
IL-5, IL-13, and amphiregulin (30). However, whether group 2 ILCs
are present in the skin and influence inflammation at cutaneous sites
has not previously been assessed.

The present study provides three conceptual advances that broaden
our understanding of the regulation and function of group 2 ILCs.
First, we describe the presence of a constitutive population of Lin−

CD25+ IL-33R+ group 2 ILCs in the healthy skin of both mice and
humans. Second, we demonstrate that group 2 ILCs accumulate in
lesional human skin of AD patients and that depletion of murine ILCs
significantly ameliorates skin inflammation in a model of AD-like in-
flammation, indicating that group 2 ILCs play an essential role in promot-

ing skin inflammation. Third, in contrast
to the previously described roles for IL-33
and IL-25 in promoting group 2 ILC re-
sponses in airway hyperreactivity or anti-
helminth immunity in the intestine, group
2 ILC responses in the skin were indepen-
dent of these canonical pathways but were
critically dependent on TSLP-TSLPR in-
teractions. The identification of a previous-
ly unrecognized dependence of skin group
2 ILCs on TSLP highlights a new path-
way by which pathologic group 2 ILC re-
sponses can be elicited in the skin in the
absence of IL-33–IL-33R or IL-25–IL-25R
interactions. Collectively, these findings
demonstrate that heterogeneous epithelial
cell–derived, cytokine-dependent pathways
can promote group 2 ILC responses and
related type 2 cytokine–associated skin
inflammation.

The role of TSLP in promoting TH2
cytokine–associated inflammation in AD
was first highlighted when lesional human
AD skin was found to exhibit elevated ex-
pression of TSLP (31). In addition, genetic
variants in TSLP were subsequently found
to be significantly associated with the de-
velopment of AD and its most severe com-
plications (32), further supporting a role for
TSLP in the pathogenesis of this disease.
Consistent with these findings, previous
studies have found that TSLP can influ-
ence DCs, CD4+ TH2 cells, and basophils
to promote TH2 cytokine responses and
inflammation in models of AD and other
allergic diseases (27, 33–35). Our findings
that skin-resident group 2 ILC responses
in a murine model of AD-like inflamma-
tion are TSLP-dependent, but independent
of canonical IL-33–IL-33R or IL-25–IL-25R
signaling, reveal amechanism bywhich TSLP
may promote early type 2 cytokine responses
and inflammation in the context of AD.

A recent report indicated that TSLP-TSLPR signaling is not re-
quired for the development of group 2 ILCs in the periphery, nor is it
necessary for bone marrow–derived progenitors to differentiate into
mature, resting group 2 ILCs (28). Although the TSLP-TSLPR pathway
is not essential for the development of cutaneous group 2 ILCs, our data
reveal a previously unappreciated role for TSLP-TSLPR signaling in
promoting group 2 ILC responses in the context of skin inflammation.
Mjösberg et al. recently showed that TSLP is up-regulated in nasal
polyps of patients with chronic allergic rhinosinusitis and that TSLP can
act synergistically with IL-33 in vitro to induce IL-5 and IL-13 cytokine
production in human group 2 ILCs (17). In contrast to these in vitro
studies, we show in vivo in mice that the TSLP-TSLPR pathway can
promote pathologic group 2 ILC responses in the absence of IL-25–IL-
25R or IL-33–IL-33R pathways to promote TH2 cytokine–associated
skin inflammation.
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Fig.5. Depletionof ILCs
attenuates AD-like der-
matitis and type 2 cyto-
kine responses in the
skin. Rag1−/−micewere
treatedwith vehicle con-

trol (EtOH) + isotype mAb,
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(A) Representative flow cy-
tometry plots, frequencies,
and absolute cell numbers of
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Cell frequencies are given
as a percentage of total
Lin− cells. N.D., not detected.
(B) IL-5 and IL-13 cytokine
levels from ear skin homog-
enates,measuredbyenzyme-
linked immunosorbent assay
(ELISA). (C) Ear thicknessmea-
surements. (D) Hematoxylin
and eosin (H&E) staining of
ear skin tissue. Closed black
arrows indicateorthokeratosis;
closed gray arrows indicate
acanthosis; open green ar-
rows indicate mononuclear

leukocytes; open black arrows indicate granulocytes. Scale bars, 100 mm (upper panel); 25 mm (lower panel).
All data in (A), (B), and (D) are fromday 7 of treatment and are representative ofmore than four experiments;
n = 3 to 4 mice per group per experiment. All statistical analyses of ear thickness measurements were
performed on day 7. *P < 0.05, Student’s t test.
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Are ILCs critical for AD induction?  Depletion of ILC with with either  
anti-CD25 or anti-CD90 mAb 

Supplementary Figure 5 
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ILC2 associated cytokines: IL-25 and IL-33 

Although the IL-33–IL-33R pathway appears to be a critical signal
for eliciting group 2 ILC responses during anti-helminth immunity in
the intestine or airway hyperreactivity in the lung (10, 11, 18), the con-
tribution of TSLP in regulating these responses, potentially through syn-
ergy with IL-33, remains unknown. In this context, these data provoke
a fundamental question as to whether TSLP and IL-33 elicit functionally
similar or distinct populations of group 2 ILCs. Future genome-wide
transcriptional profiling and functional studies of TSLP-elicited versus
IL-33–elicited group 2 ILCs will be essential to further characterize and
compare these two potentially distinct populations of group 2 ILCs. The
ability of TSLP to act in concert with IL-33 or drive IL-33–independent
ILC responses may depend in part on the nature of the inflammatory
stimulus or the tissue-specific microenvironment. Future studies are

also needed to dissect the relative contributions of the IL-25, IL-33,
and TSLP cytokine signaling pathways in the regulation of group 2
ILC responses at distinct barrier surfaces.

Although we have identified that TSLP-elicited group 2 ILCs can
function independently of IL-33 and IL-25 to promote AD-like in-
flammation, the effector mechanisms by which group 2 ILCs directly
or indirectly promote AD-like inflammation remain to be elucidated.
Previous studies have demonstrated that rTSLP-induced skin inflam-
mation is dependent on the recruitment of eosinophils (36). Whether
group 2 ILC–derived IL-5 and IL-13 directly promote skin inflamma-
tion or do so indirectly by eliciting the activation and/or recruitment
of other innate cell populations such as eosinophils, mast cells, or al-
ternatively activated macrophages requires further exploration.
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Fig. 6. IL-33 is dispensable for the elicitation of skin-associated group 2
ILC responses in the skin. C57BL/6 WT or Il33−/− mice were treated with
vehicle control (EtOH) or MC903. (A) Representative flow cytometry
plots, frequencies, and absolute cell numbers of Lin− CD25+ IL-33R+ ILCs
from the skin dLNs of treated mice. All cell frequencies are given as a
percentage of total Lin− cells. N.S., not significant. (B) Ear thickness mea-
surements. (C) H&E staining of ear skin tissue. Closed black arrows indi-

cate orthokeratosis; closed gray arrows indicate acanthosis; open green
arrows indicate mononuclear leukocytes; open black arrows indicate
granulocytes. Scale bars, 100 mm (upper panels); 25 mm (lower panels).
All data in (A) and (C) are from day 7 of treatment and are representative
of two or more experiments; n = 3 to 4 mice per group per experiment.
All statistical analyses of ear thickness measurements were performed on
days 3 and 7.
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ILC2 associated cytokines: TSLP 

Fig. 7. Skin-associated group 2 ILC responses and AD-like dermatitis are
critically dependent on TSLP signaling. C57BL/6 WT or Tslpr−/− mice were
treated with vehicle control (EtOH) or MC903. (A) TSLP cytokine levels from ear
skin explants after treatment, as measured by ELISA. (B) Representative flow
cytometry plots demonstrating expression of TSLPR on Lin− CD25+ IL-33R+

cells from skin dLNs of C57BL/6 WT mice (solid black line) compared to
Tslpr−/− mice (gray-shaded) and expression of CD127 (solid black line) on
Lin− CD25+ IL-33R+ cells compared to FMO controls (gray-shaded). (C) Rep-
resentative flow cytometry plots, frequencies, and absolute cell numbers

of skin dLN Lin− CD25+ IL-33R+ ILCs in C57BL/6 WT and Tslpr−/− mice. All cell
frequencies are given as apercentageof total Lin− cells. (D) Ear thicknessmea-
surements. (E) H&E staining of skin tissue. Closed black arrows indicate ortho-
keratosis; closed gray arrows indicate acanthosis; open green arrows indicate
mononuclear leukocytes; open black arrows indicate granulocytes. Scale bars,
100 mm (upper panels); 25 mm (lower panels). All data in (A) to (C) and (E) are
fromday 7of treatment and are representative of three ormore experiments;
n = 3 to 4 mice per group per experiment. All statistical analyses of ear thick-
ness measurements were performed on day 7. *P < 0.05, Student’s t test.

A 

CD25+ IL-33R+ ILCs 

WT + MC903 

WT + MC903 

WT + EtOH

WT + MC903 

WT + EtOH

Lin– cells 

CD25 

IL
-3

3R
 

CD25 

IL
-3

3R
 

WT + EtOH Tslpr–/– + MC903 

CD25 

IL
-3

3R
 

S
ki

n 
dL

N
 

8.0 

0 

4.0 

0.6 

0 

0.2 

0.4 

C
el

l n
um

be
r 

(1
03

) 

D E 

* 

WT + EtOH WT + MC903 

Ear skin 

* 

F
re

qu
en

cy
 (

%
) 

B 

CD25 

IL
-3

3R
 

WT skin dLN 
T

S
LP

 [(
pg

/m
l)/

m
g]

 
400 

200 

0.0 

Ear skin 

0 102 103 104 105

0.3 

TSLPR 

N.D.  

0.06 

0 1 2 3 4 5 6 7 
0 

40 

60 

E
ar

 th
ic

kn
es

s 
(%

 c
ha

ng
e)

 

WT + EtOH 
WT + MC903 

20 

80 

* 

C 
CD127 

Day 

0.2 0.3 

0

102

103

104

105

0 102 103 104 105

0

102

103

104

105

0 102 103 104 105

0

102

103

104

105

0 102 103 104 105

0

102

103

104

105

0

20

40

60

80

100

0

20

40

60

80

100

0 102 103 104 105 0 102 103 104 105

Tslpr
–/– + MC903

Tslpr
–/– + MC903

Tslpr–/– + MC903

Tslpr–/– + MC903

R E S EARCH ART I C L E

www.ScienceTranslationalMedicine.org 30 January 2013 Vol 5 Issue 170 170ra16 8

 o
n 

Fe
br

ua
ry

 7
, 2

01
3

st
m

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fro
m

 

Orthokeratosis 
 
Granulocytes 
 
Acanthosis 
 
Mononuclear cells 



TSLP induces ILC2 independent of IL-33 
injected intravenously with a complementary DNA (cDNA) plasmid encoding TSLP 



Discussion… 

•  Mechanism? Descriptive study 

•  Sources and induction of TSLP? 

•  Crosstalk between Keratinocytes, Langerhans cells, DETC and DCs? 
Relaying of signals to eosinophils? 

•  Interpretation? Why organ-specificity of cytokines 

•  Relevance? IL-5 and IL-13 effector cytokines; basophils? 

•  Not addressing the potentially distinct subsets of ILC2 (IL-33 vs TSLP-
elicited)! 


