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The cytokine IL-22 promotes pathogen colonization by
suppressing related commensal bacteria
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92697, USA
4Department of Medical Microbiology and Immunology, School of Medicine, University of
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Summary
Interleukin-22 (IL-22) is highly induced in response to infections with a variety of pathogens and
its main functions are considered to be tissue repair and host defense at mucosal surfaces. Here we
show that IL-22 has a previously undiscovered role during infection in that its expression
suppresses the intestinal microbiota and enhances the colonization of a pathogen. IL-22 induced
the expression of antimicrobial proteins, including lipocalin-2 and calprotectin, which sequester
metal ions from microbes. As Salmonella Typhimurium overcomes metal starvation by lipocalin-2
and calprotectin, IL-22 boosted this pathogen’s colonization of the inflamed intestine by
suppressing commensal Enterobacteriaceae, which in the absence of IL-22 overgrew S.
Typhimurium. Thus, IL-22 expression can tip the balance between pathogenic and commensal
bacteria in favor of a pathogen. Taken together, IL-22 induction can be exploited by pathogens to
suppress the growth of their closest competitors, thereby enhancing pathogen colonization of
mucosal surfaces.

Introduction
The cytokine interleukin-22 (IL-22) has important functions in tissue regeneration and in the
maintenance of the skin and the mucosal barrier (reviewed in Rutz et al., 2013). In the
mucosa, IL-22 expression is primarily triggered in response to the interaction of
microorganisms with antigen presenting cells (APCs). APCs in turn release many cytokines
including IL-23, which engages the intraepithelial and lamina propria lymphocytes to
produce cytokines like IL-17 and IL-22 (reviewed in Blaschitz and Raffatellu, 2010; Khader
and Gopal, 2010; Liu et al., 2009). The major function of IL-17 is to orchestrate the
recruitment of neutrophils to the site of infection via the induction of CXC chemokines, like
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CXCL1 and CXCL8, and via the enhancement of granulopoiesis, which explains its
protective role during infection with a variety of pathogens (reviewed in Blaschitz and
Raffatellu, 2010). Similar to IL-17, IL-22 is rapidly induced in the intestinal mucosa in
response to IL-23, but also through activation of the aryl hydrocarbon receptor (reviewed in
Esser et al., 2009). IL-22 shares sequence homology with IL-10 and it signals through a
receptor complex, consisting of both the IL-22 receptor 1 and the IL-10 receptor 2 subunits,
that is expressed almost exclusively in non-hematopoietic cells (reviewed in Sonnenberg et
al., 2011). Several sources of IL-22 have been identified in the gut, including innate
lymphoid cells (ILCs) and Th17 cells (reviewed in Sonnenberg et al., 2011). Akin to and
often in synergy with IL-17, IL-22 has been shown to play a protective role during infection
with some pathogens, including Klebsiella pneumoniae (Aujla et al., 2008), Citrobacter
rodentium (Zheng et al., 2008), vancomycin-resistant Enterococcus (Kinnebrew et al.,
2010), and Plasmodium chabaudi (Mastelic et al., 2012).

One of the mechanisms by which IL-22 is thought to enhance mucosal barrier function is
through the induction of antimicrobial proteins in the mucosa (Aujla et al., 2008; Zheng et
al., 2007; Zheng et al., 2008), a function that partly explains its role in the containment of
commensals to the intestinal niche (Sonnenberg et al., 2012). Antimicrobial proteins that are
upregulated by IL-22 in epithelial cells include: lipocalin-2, which binds to the siderophore
enterochelin and limits iron availability in the gut (Fischbach et al., 2006; Raffatellu et al.,
2009); the C-type lectins regenerating islet-derivative protein 3 beta and 3 gamma (Reg3β
and Reg3γ), which control some components of the microbiota (Stelter et al., 2011);
S100A8 and S100A9, two antimicrobial peptides that heterodimerize to form the
antimicrobial protein calprotectin, which sequesters zinc and manganese from microbes
(Corbin et al., 2008; Damo et al., 2013; Hayden et al., 2013; Liu et al., 2012). And yet,
despite these epithelial antimicrobial defenses, many pathogens colonize mucosal surfaces
and establish an infection; for example, IL-22 failed to reduce oral infection with Candida
albicans and genital infection with Neisseria gonorrhoeae (Feinen and Russell, 2012;
Kagami et al., 2010), although the basis for this was not investigated. At present, the
mechanism(s) by which IL-22 provides protection against a subset of microorganisms is not
well understood.

One of the most prolific examples of a successful mucosal pathogen is Salmonella enterica
serovar Typhimurium (S. Typhimurium), which colonizes the human gastrointestinal tract
and causes a severe inflammatory diarrhea (Hohmann, 2001). As with other pathogens, the
mucosal response to S. Typhimurium is orchestrated by T cells that express IL-17 and IL-22
within a few hours of infection (Godinez et al., 2008). IL-17 is secreted by both CD4+

(termed “Th17” cells) and γδ T cells in the intestine (Godinez et al., 2009), where it
promotes the recruitment of neutrophils and prevents the dissemination of S. Typhimurium
to the reticuloendothelial system (Raffatellu et al., 2008). While this arm of the host
response is beneficial to the host because it controls the dissemination of this pathogen,
some components of the host response promote the colonization of S. Typhimurium as this
pathogen thrives in the inflamed gut (Liu et al., 2012; Raffatellu et al., 2009; Winter et al.,
2010). Furthermore, S. Typhimurium successfully outcompetes the microbiota, although the
mechanistic basis for this is not completely understood. While the normal gut microbiota is
largely constituted by obligate anaerobes of the phyla Bacteroidetes and Firmicutes, a recent
study has suggested that intestinal inflammation suppresses the colonization of obligate
anaerobes and enhances the growth of facultative anaerobes like Escherichia coli that can
utilize host-derived nitrate for respiration (Winter et al., 2013). However, in mice infected
with S. Typhimurium, we did not observe an overgrowth of commensal Enterobacteriaceae
despite high levels of intestinal inflammation (Liu et al., 2012). Taken together, these studies
suggest that there exists an as yet undiscovered mechanism that suppresses the growth of
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commensal Enterobacteriaceae in the inflamed gut while favoring the growth of S.
Typhimurium.

During S. Typhimurium infection, Il22 is the most highly induced gene in the rhesus
macaque ileum, where it is upregulated approximately 10,000 fold (Raffatellu et al., 2008).
Moreover, Il22 is among the most highly induced genes in the cecum of S. Typhimurium-
infected mice (Godinez et al., 2008). In our present study, we set out to determine the role of
IL-22 during infection with S. Typhimurium and discovered a function for IL-22 as an
important modulator of the balance between microbes in the inflamed gut.

Results
S. Typhimurium colonization of the inflamed gut is enhanced in mice expressing IL-22

Our previous studies indicated that IL-22 is among the highest upregulated genes in the
intestinal mucosa during infection with S. Typhimurium in both rhesus macaques and
streptomycin-treated mice (Godinez et al., 2008). To determine whether this cytokine plays
a role during S. Typhimurium infection, we infected C57BL/6 wild-type (WT) and Il22−/−

mice (Zheng et al., 2007) that were treated with streptomycin prior to infection to induce an
inflammatory response in the cecum as previously described (colitis model; (Barthel et al.,
2003; Raffatellu et al., 2009)). Using this model, we first investigated whether IL-22 has a
protective effect during S. Typhimurium infection by reducing dissemination of S.
Typhimurium to the reticuloendothelial system. To this end, we enumerated S.
Typhimurium in the mesenteric lymph nodes and the spleen of WT and Il22−/− mice at 48,
72, and 96h post infection. We recovered similar numbers of S. Typhimurium in the Peyer’s
patches, terminal ileum, mesenteric lymph nodes, and spleen in WT and Il22−/− mice at
every time point analyzed (Fig. 1a and Fig. S1a–c). Similar results were obtained in the
absence of streptomycin pre-treatment (data not shown). Therefore, in contrast to what has
been shown for other bacterial infection models (Aujla et al., 2008; Zheng et al., 2008), our
data suggested that IL-22 does not reduce the dissemination of S. Typhimurium to the
reticuloendothelial system.

Next, we examined whether IL-22 plays a role during S. Typhimurium colonization of the
gut by enumerating S. Typhimurium from the colon content of infected WT and Il22−/−

mice (Fig. 1b and S1d). When mice were infected with S. Typhimurium without
streptomycin pre-treatment (typhoid model), S. Typhimurium numbers in the colon content
were low and highly variable, and no significant differences between WT and Il22−/− mice
were observed (Fig. S1d). These results are expected because S. Typhimurium does not
trigger intestinal inflammation without streptomycin pre-treatment (Barthel et al., 2003),
thus the role of IL-22 as well as of other inducible mucosal cytokines would not be apparent
in the typhoid model of infection. We therefore measured the levels of S. Typhimurium
colonization in the colon content of mice that were pre-treated with streptomycin. At 48h
after infection, we found that both WT and Il22−/− mice were colonized to similar levels
(Fig. 1b). However, S. Typhimurium numbers started to decline in the colon content of
Il22−/− mice at 72h after infection (Fig. 1b), and we recovered approximately 90% less S.
Typhimurium in the colon content of Il22−/− mice at 96h after infection (Fig. 1b).
Moreover, administration of recombinant IL-22 protein (IL22-Fc) to Il22−/− mice increased
the colonization of S. Typhimurium at 96h after infection to the level usually seen in WT
mice (Fig. 1c). Taken together, our results suggest that S. Typhimurium colonization of the
large intestine is less efficient in the absence of IL-22 in the colitis model.

Because previous studies suggested that S. Typhimurium achieves high levels of
colonization of the cecum only when this organ is inflamed, we next sought to investigate
whether low levels of intestinal inflammation may explain the reduced S. Typhimurium
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colonization in Il22−/− mice. Histopathology indicated that both WT and Il22−/− mice
developed moderate to severe inflammation when infected with S. Typhimurium, whereas
mock-infected mice in both groups exhibited no abnormalities (Fig. 2). While we observed
slightly less inflammation in infected Il22−/− mice in comparison to infected WT mice at
72h post infection (Fig. S2a and S2b), similar inflammation levels were detected in both
groups at 96h after infection (Fig. 2a, b), i.e. at the same time we observed a significantly
lower S. Typhimurium burden in Il22−/− mice (Fig. 1b). Moreover, we detected similar
amounts of the neutrophil protein myeloperoxidase at 72h after infection (Fig. 2c), which
was consistent with similar levels of neutrophil infiltrate that were observed by
histopathology. These similarities were observed despite the fact that we detected high
expression of Il22 in WT mice and could not detect Il22 in Il22−/− mice (Fig. 2d).
Furthermore, we did not detect significant differences in the expression of inflammatory
cytokines (gamma interferon (Ifnγ) and Il-17a (Il17a)) in WT and Il22−/− mice at both 72
and 96h after infection (Fig. S2c and S2d). The neutrophil chemoattractant Cxcl-1 (Cxcl1)
was approximately 50% lower in infected Il22−/− mice at 72h post infection (Fig. S2c) in
comparison to WT mice, but was detected at similar levels at 96h post infection (Fig. S2d);
this is consistent with the notion that IL-22 induces the upregulation of Cxcl1 (Liu et al.,
2009). Collectively, our results indicate that the lower levels of S. Typhimurium
colonization observed in the cecum at 96 hours after infection in Il22−/− mice do not appear
to be explained by differences in the levels of inflammation.

IL-22 expression changes the relative abundance of Proteobacteria in the inflamed gut
Several studies have established that competition with the microbiota is essential for S.
Typhimurium to colonize the inflamed gut (Barman et al., 2008; Lawley et al., 2008; Liu et
al., 2012; Lupp et al., 2007; Stecher et al., 2007; Winter et al., 2010). Therefore, we
hypothesized that differences in the microbiota may explain the lower S. Typhimurium
burden in Il22−/− mice. To this end, we analyzed the microbiota composition in the colon
content of WT and Il22−/− littermate mice before streptomycin treatment and after either
mock infection or infection with S. Typhimurium (Fig. 3, Fig. S3 and table S3). The use of
littermates for the analysis of the microbiota helped us to exclude any potential differences
in the microbiota between WT and Il22−/− mice, as it has been shown that the baseline
microbiota of Il22−/− mice may be more colitogenic and that it is transmissible to WT mice
(Zenewicz et al., 2013). Illumina MiSeq analysis of DNA extracted from fecal samples
confirmed previous observations that the major bacterial classes detected in animals before
streptomycin treatment and in mock-infected animals at 96h post-infection were Clostridia
and Bacteroidia, whereas Proteobacteria were low or undetectable (Fig. 3, Fig. S3a)
(Barman et al., 2008; Lawley et al., 2008; Liu et al., 2012; Lupp et al., 2007; Stecher et al.,
2007; Winter et al., 2010). A comparison of WT and Il22−/− mice showed no major
differences in the composition of the microbiota, either before streptomycin treatment
(baseline) or after mock infection. Five days after streptomycin treatment, the microbiota of
both WT and Il22−/− mice was still constituted by Bacteroidia and Clostridia, although the
relative abundance of Bacteroides was increased (Fig. 3, Fig. S3a). Groups of bacteria that
are known to enhance resistance to bacterial infection were equally represented in both WT
and Il22−/− mice. For instance, bacteria of the Porphyromonadaceae family have been
associated with increased resistance to S. Typhimurium infection (Ferreira et al., 2011);
however, in both WT and Il22−/− mice the relative abundance of the genus Parabacteroides
(family Porphyromonadaceae) was similarly low before infection (0.1–0.7%) (Fig. 3, Fig.
S3a). Likewise, our WT and Il22−/− mice were similarly colonized with varying levels of
segmented filamentous bacteria (SFB) (Fig. S3b), Clostridia-related bacteria known to
enhance resistance to Citrobacter rodentium infection through the induction of Th17 cells
(Ivanov et al., 2009). Although SFB colonization levels were reduced by streptomycin
treatment, no significant differences in SFB levels were observed between WT and Il22−/−
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mice (Fig. S3b). Altogether, our results suggest that differences in the microbiota prior to
infection are unlikely to account for the higher numbers of S. Typhimurium colonization in
WT mice.

The most striking differences in the microbial communities were observed in mice that were
infected with S. Typhimurium. As expected from prior studies (Barman et al., 2008; Lawley
et al., 2008; Liu et al., 2012; Lupp et al., 2007; Stecher et al., 2007; Winter et al., 2010),
Bacteroidia and Clostridia were substantially reduced in S. Typhimurium-infected mice
compared to mock-infected mice (Fig. 3 and Fig. S3a). Furthermore, Proteobacteria
bloomed in the inflamed gut of both WT and Il22−/− mice infected with S. Typhimurium,
constituting approximately 70% of the microbiota. Indeed, the most prominent difference
between WT and Il22−/− littermate mice infected with S. Typhimurium was the relative
abundance of the genera Escherichia and Salmonella. While Salmonella constituted
approximately 50% of the total bacteria in infected WT mice, it comprised 15% on average
in infected Il22−/− mice. In contrast, Escherichia constituted the largest bacterial fraction in
infected Il22−/− mice (on average, 40%) and a small fraction of bacteria in infected WT mice
(on average, 9%) (Fig. 3 and Fig. S3a). These findings led us to hypothesize that, in the
absence of IL-22, commensal Enterobacteriaceae can compete with S. Typhimurium in the
inflamed gut.

IL-22 promotes S. Typhimurium competition with commensal Enterobacteriaceae
To test our hypothesis, we first sought to corroborate our microbiota sequencing data (Fig.
3) by streaking mouse fecal samples from WT and Il22−/− mice infected with S.
Typhimurium on MacConkey-lactose agar, a selective and differential media commonly
used in diagnostic laboratories to detect Enterobacteriaceae; enterobacterial strains that
ferment lactose (e.g. Escherichia spp) form pink colonies while strains that do not ferment
lactose (e.g. Salmonella spp) form colorless colonies. In agreement with our profiles, fecal
samples from most WT mice infected with S. Typhimurium yielded only colorless colonies,
which were determined to be S. Typhimurium (Fig. 4a). Also in line with our analysis, feces
from Il22−/− mice infected with S. Typhimurium primarily yielded pink colonies, which
were determined to be E. coli, although colorless S. Typhimurium colonies were also
observed (Fig. 4a). Subsequent enumeration of fecal bacteria on MacConkey-lactose agar
revealed that in WT mice, S. Typhimurium established high levels of colon colonization,
effectively outcompeting the resident commensal E. coli in most mice by approximately 4
logs (Fig. 4b). In contrast, in Il22−/− mice S. Typhimurium was mostly outcompeted by the
resident commensal E. coli (Fig. 4b), which explains the lower levels of S. Typhimurium
colonization in the colon (Fig. 1b, 3, 4b). However, higher levels of E. coli colonization in
Il22−/− mice were not due to differences in E. coli colonization between WT and Il22−/−

mice prior to infection. Similar low numbers (approximately 102 CFU/mg) of E. coli were
measured in the feces from both WT and Il22−/− mice prior to treatment with streptomycin
and no E. coli were detectable after 24h (Fig. S4a and S4b). Moreover, analysis of multiple
E. coli strains isolated from feces of WT and Il22−/− mice, both before and after infection
with S. Typhimurium, revealed that all mice from our colony are colonized with the same E.
coli strain; testing for serotype (O166, H6 or 41), colonization factors, and antibiotic
susceptibility yielded the same results for all analyzed isolates (Fig. S4c and S4d).
Therefore, differences in E. coli colonization between WT and Il22−/− mice infected with S.
Typhimurium are not due to differences in the E. coli strains between groups.

Because our results suggested that E. coli spontaneously grew to higher amounts in Il22−/−

mice than in WT mice infected with S. Typhimurium, we next tested whether the E. coli
growth advantage was also seen when an equal high dose of the E. coli strain isolated in Fig.
4a (JB2) was administered to both WT and Il22−/− mice 24h post infection with S.
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Typhimurium. In this setting, E. coli also grew to higher numbers in Il22−/− mice than in
WT mice (Fig. 4c). To determine whether the colonization advantage of E. coli in Il22−/−

mice occurred independently of Salmonella infection, we induced colonic inflammation by
treating WT mice and Il22−/− mice with dextran sodium sulfate (DSS). Before DSS
treatment, mice were equally colonized with low numbers of E. coli (approximately 102

CFU/mg) and colonization levels did not increase up to 96h after DSS treatment (Fig. 4d).
However, after the onset of intestinal inflammation, E. coli started to bloom in Il22−/− mice
while remaining at baseline levels in WT mice (Fig. 4d). At later time points, E. coli also
proliferated in WT mice, although at lower levels than in Il22−/− mice. Even though there
was a trend towards higher E. coli colonization in Il22−/− mice, the difference did not reach
statistical significance. This is probably due to differences in the magnitude and nature of
inflammation caused by DSS and by S. Typhimurium. Altogether, these results demonstrate
that IL-22 expression reduces the colonization of commensal Enterobacteriaceae, resulting
in a colonization advantage for S. Typhimurium in the inflamed gut.

IL-22 induces the expression of antimicrobial proteins in the intestine of mice infected with
S. Typhimurium

We next set out to determine the mechanism by which IL-22 provides a colonization
advantage to S. Typhimurium during infection, thereby enabling it to effectively compete
with commensal Enterobacteriaceae. Because IL-22 regulates antimicrobial responses, we
examined whether the expression of antimicrobial genes during S. Typhimurium infection
was also dependent on IL-22. To this end we analyzed the expression of: Lcn2, the gene that
encodes for the antimicrobial peptide lipocalin-2, which sequesters the siderophore
enterochelin and inhibits the growth of commensal Enterobacteriaceae (Flo et al., 2004);
S100a8 and S100a9, which encode for the two subunits of calprotectin, an antimicrobial
protein that sequesters zinc and manganese from pathogens (Corbin et al., 2008; Damo et
al., 2013; Hayden et al., 2013; Liu et al., 2012); Nos2, which encodes for the inducible nitric
oxide synthase (iNOS) (Mühl et al., 2011), as well as Duox2, which encodes for the dual
oxidase 2 protein (Rada and Leto, 2008), each playing a role in the generation of reactive
nitrogen species and reactive oxygen species, respectively; Reg3g, which encodes for
regenerating islet-derivative protein 3 gamma (RegIIIγ), a C-type lectin which binds to
peptidoglycan and inhibits the growth of Gram positive bacteria (Cash et al., 2006); and
Ido1, which encodes for indoleamine 2,3-dioxygenase (IDO1), an antimicrobial protein that
induces tryptophan starvation from microbes (Zelante et al., 2009).

Basal transcript expression of all antimicrobial genes analyzed was overall similar in mock-
infected WT and Il22−/− mice, although we observed lower (approximately 1/8) expression
of Reg3g and an 8–10 fold upregulation of Nos2 and Duox2 in mock-infected Il22−/− mice
compared to mock-infected WT mice (Fig. S5). As shown in Figure 5, the expression of
genes encoding for metal binding proteins (Lcn2, S100a8 and S100a9) (Fig. 5a), and those
encoding for proteins involved in the generation of reactive oxygen and reactive nitrogen
species (Nos2 and Duox2) (Fig. 5b), was significantly reduced in Il22−/− mice. Strikingly,
Reg3g transcripts were upregulated approximately 400 fold in WT mice after S.
Typhimurium infection, while they were nearly undetectable in Il22−/− mice (Fig. 5c). In
contrast, expression of the Ido1 gene was increased in Il22−/− mice compared to WT mice
(Fig. 5d). Overall, our results suggest that IL-22 contributes to the induction of the
expression of antimicrobial host defense genes during infection with S. Typhimurium.

Our gene expression analysis was performed on RNA extracted from the whole cecum,
however receptors for IL-22 are almost exclusively found on non-hematopoietic cells like
colonocytes (Sonnenberg et al., 2011). Therefore, we set out to determine the effect of IL-22
on the induction of antimicrobial proteins expressed by colonocytes in vivo. To this end, we
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infected mice with either S. Typhimurium or mock and isolated crypt cells from the large
intestine and cecum (Fig. 6). We found that the expression of Lcn2, S100a8 and S100a9 was
significantly lower in colonocytes from Il22−/− mice compared to WT mice (Fig. 6a).
Moreover, the corresponding proteins lipocalin-2, S100A8 and S100A9 were also produced
significantly less in Il22−/− mice in comparison to WT mice (Fig. 6b). Similar differences in
gene and protein expression were also observed at both 48 hours and 72 hours after S.
Typhimurium infection (data not shown). Together, our results show that IL-22 promotes
the expression of antimicrobial proteins in colonocytes during infection with S.
Typhimurium.

S. Typhimurium exploits IL-22-dependent host defense mechanisms
IL-22 induction of antimicrobial proteins is generally considered a mechanism of host
defense against microbial infection, however this notion does not explain why S.
Typhimurium colonization was increased when both IL-22 and antimicrobial proteins were
expressed at high levels (Fig. 1, 3, 4, 5 and 6). One possible explanation may come from
previous studies showing that S. Typhimurium is resistant to certain antimicrobial proteins
(Liu et al., 2012; Raffatellu et al., 2009; Stelter et al., 2011). To test this hypothesis, we
assessed whether IL-22 enhances the colonization of S. Typhimurium over isogenic mutant
strains with known susceptibilities to antimicrobial proteins whose induction is dependent
on IL-22. As shown in Figures 5 and 6, one of the antimicrobial proteins whose expression
was reduced in Il22−/− mice is lipocalin-2, a peptide that sequesters the siderophore
enterochelin and inhibits iron uptake by commensal Enterobacteriaceae including E. coli
(Berger et al., 2006; Flo et al., 2004). In contrast to non-pathogenic commensals, S.
Typhimurium overcomes this response by acquiring iron with the siderophore salmochelin
(Crouch et al., 2008; Fischbach et al., 2006; Hantke et al., 2003). Mutants in the salmochelin
receptor (iroN mutant), however, are not able to take up salmochelin and are thus
susceptible to iron sequestration by lipocalin-2 in the inflamed gut (Raffatellu et al., 2009).
A second antimicrobial protein whose induction was lower in Il22−/− mice is calprotectin
(Fig. 5, 6). This heterodimer of the two EF-hand calcium-binding proteins S100A8 and
S100A9 (Teigelkamp et al., 1991) chelates metal ions including zinc and manganese
(Corbin et al., 2008), thereby exerting an antimicrobial effect against many bacteria
including gut commensals (Kehl-Fie and Skaar, 2010; Sonnenberg et al., 2012). In contrast,
S. Typhimurium overcomes calprotectin-mediated zinc sequestration and outgrows the
microbiota by transporting zinc via the high affinity ZnuABC system (Liu et al., 2012). A
mutant in this zinc transporter (znuA mutant) is susceptible to calprotectin-mediated zinc
starvation and exhibits a growth defect in the inflamed gut (Liu et al., 2012). Based on this,
we employed both an iroN mutant (lipocalin-2 sensitive) and a znuA mutant (calprotectin
sensitive) to test whether IL-22 enhances the colonization of S. Typhimurium WT by
inducing the expression of lipocalin-2 and calprotectin.

To this end, we infected both WT and Il22−/− mice with an equal mixture of S.
Typhimurium WT and either the iroN or the znuA mutant (Fig. 7); this experimental setting
ensured that high levels of inflammation were induced by infection with WT S.
Typhimurium (data not shown). In WT mice, WT S. Typhimurium outcompeted the iroN
mutant by 12 to 1 (Fig. 7a), consistent with our previously published data (Raffatellu et al.,
2009). In contrast, the competitive advantage of WT S. Typhimurium was abrogated in
Il22−/− mice, as both WT S. Typhimurium and the iroN mutant were recovered at similar
levels (Fig. 7a). Of note, this outcome is comparable to what we had previously observed in
Lcn2−/− mice (Raffatellu et al., 2009), which lack lipocalin-2, and it is consistent with lower
levels of lipocalin-2 in Il22−/− mice (Fig. 5, 6). Similarly, we recovered approximately 1000
times more WT S. Typhimurium than znuA mutant in WT mice (Fig. 7b), which is
comparable to our previous results (Liu et al., 2012). In contrast, the competitive advantage
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of WT S. Typhimurium was significantly diminished in Il22−/− mice and approximately 15-
fold lower than in WT mice (Fig. 7b). To further examine the advantage that antimicrobial
upregulation by IL-22 provides for S. Typhimurium, we tested if the observed lower
amounts of antimicrobials in Il22−/− mice affected the competition between S. Typhimurium
and a commensal E. coli strain (MG1655) with known susceptibility to lipocalin-2 (Berger
et al., 2006; Flo et al., 2004). While in WT mice we recovered approximately 30,000 fold
more S. Typhimurium than commensal E. coli, the growth advantage of S. Typhimurium
was significantly reduced in Il22−/− mice, where we recovered only 400 fold more S.
Typhimurium than E. coli (Fig. 7c). Collectively, our findings indicate that S. Typhimurium
exploits IL-22-mediated host antimicrobial defenses to colonize the inflamed gut and to
compete with the intestinal microbiota.

Discussion
IL-22 is an important cytokine for maintaining the skin and mucosal barrier as well as for
tissue repair. Because IL-22 is highly upregulated during infection and because it
orchestrates antimicrobial host defenses, it is generally thought that this cytokine has a broad
protective function. However, while IL-22 expression has been shown to ameliorate and
control infection with some pathogens (Aujla et al., 2008; Kinnebrew et al., 2010; Mastelic
et al., 2012; Zheng et al., 2008), its induction was found to play no protective role in other
infection models (Conti et al., 2009; Feinen and Russell, 2012; Graham et al., 2011; Kagami
et al., 2010; Poulsen et al., 2012; Wilson et al., 2010). Therefore, these studies suggested
that IL-22 induces antimicrobial responses that are not equally effective against all
pathogens.

Here we investigated whether IL-22 plays a role during infection with S. Typhimurium, a
highly evolved mucosal pathogen that establishes a successful intestinal infection despite
high levels of IL-22 expression (Godinez et al., 2009; Raffatellu et al., 2008). Consistent
with a previous report showing that S. Typhimurium colonization of the liver was
comparable between WT and Il22−/− mice at 72 hours post infection (Awoniyi et al., 2012),
we found that expression of IL-22 did not result in a reduced S. Typhimurium burden in
mesenteric lymph nodes or spleen. Therefore, in contrast to what we observed for IL-17
with S. Typhimurium (Raffatellu et al., 2008), and similar to a subset of other pathogens,
IL-22 did not appear to play a protective role during S. Typhimurium infection. Strikingly,
however, we found that IL-22 not only fell short in protecting the host against S.
Typhimurium dissemination, but its upregulation was actually beneficial to S. Typhimurium
growth.

While the microbiota is largely comprised of anaerobes like Bacteroidetes and Firmicutes
(mainly Clostridia) in the normal, non-inflamed intestine, intestinal inflammation provides a
more favorable environment to facultative anaerobes like Enterobacteriaceae that can utilize
nitrate respiration (Winter et al., 2013). Consistent with this, we also observed a bloom of
Enterobacteriaceae (e.g. E. coli and Salmonella) in the inflamed gut of both WT and Il22−/−

mice. But while in wild-type mice S. Typhimurium constituted a large fraction of the
intestinal bacteria and the growth of commensal E. coli was largely suppressed, there was an
overgrowth of commensal E. coli that outcompeted S. Typhimurium in the gut of mice
lacking IL-22. Based on these results, we propose that IL-22 tips the balance in favor of
Salmonella against commensal Enterobacteriaceae, and in particular E. coli, which are its
closest competitors for a niche in the inflamed gut.

IL-22-mediated responses include the induction of several antimicrobial proteins by
epithelial cells, which include the C-type lectins RegIIIγ and RegIIIβ, the psoriasin S100A7,
the two subunits of calprotectin S100A8 and S100A9, β-defensins 2 and 3, and lipocalin-2
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(Aujla et al., 2008; Conti et al., 2009; Kagami et al., 2010; Raffatellu et al., 2009; Zheng et
al., 2008). In some cases, these antimicrobial proteins were shown to mediate the beneficial
effects of IL-22 on mucosal barriers and skin by protecting the host against potentially
dangerous microbes. This is, for instance, the case for vancomycin resistant Enterococcus,
an opportunistic pathogen whose intestinal colonization is controlled by IL-22 through the
induction of RegIIIγ (Kinnebrew et al., 2010). In agreement with this study, we also
observed higher colonization of Enterococcus after infection with S. Typhimurium in the
absence of IL-22 (Il22−/− mice) than in the presence of IL-22 (WT mice). Nevertheless,
these antimicrobial proteins are not equally effective against all microorganisms, which may
contribute to explaining why IL-22 has a protective role in only some infections. For
example, RegIIIγ is bactericidal only against Gram positive organisms while it has no direct
effect on Gram negatives; lipocalin-2 inhibits the growth of bacteria that rely on a specific
subset of catecholate siderophores for iron acquisition, but does not inhibit pathogens that
have acquired diverse additional iron transport systems; calprotectin has little effect against
S. Typhimurium and likely other pathogens that have high affinity zinc transporters. While
we found that IL-22 induced the expression of antimicrobial proteins during S.
Typhimurium infection, we demonstrated that these responses are evaded by this pathogen
with specific virulence mechanisms.

When iron and zinc availability are limited by lipocalin-2 and calprotectin, respectively, iron
acquisition through salmochelin and zinc acquisition through the ZnuABC transporter
greatly enhanced the competitive advantage of S. Typhimurium in the intestine of WT mice
(here and (Liu et al., 2012; Raffatellu et al., 2009)). In Il22−/− mice, however, where the
expression of both lipocalin-2 and calprotectin is reduced, the competitive advantage was
diminished. Because both lipocalin-2 and calprotectin are components of the nutritional
immune response that starves microorganisms from essential metal nutrients, our results also
suggest that IL-22 is one of the key regulators of nutritional immunity. Furthermore, IL-22
may also benefit other mucosal pathogens by similar mechanisms, i.e. by inducing
antimicrobial responses that suppress the growth of the microbiota, thereby enhancing their
colonization.

Several studies to date have proposed that intestinal inflammation enhances the colonization
of S. Typhimurium and its competition with the intestinal microbiota. Our study
demonstrates that IL-22 is an important arm of the host response that enhances S.
Typhimurium competition with the microbiota, and in particular with commensal
Enterobacteriaceae, its closest relatives in the intestine. Because other species of the
Enterobacteriaceae have adapted to colonize and thrive in the inflamed intestine (Winter et
al., 2013), S. Typhimurium exploits IL-22 host defenses to control their growth.

While our findings demonstrate that IL-22 expression is beneficial to S. Typhimurium and
suggest that other mucosal pathogens may compete for colonization via similar mechanisms,
blockade of IL-22 during the course of infection would be detrimental to the host as it would
result in poor control and dissemination of the microbiota, which is susceptible to IL-22-
mediated antimicrobial responses. In light of this, specific targeting of virulence
mechanisms that promote the evasion of IL-22-mediated host defenses is a more promising
therapeutic strategy to reduce the intestinal colonization of mucosal pathogens resistant to
the IL-22 response.

Materials and Methods
A supplementary file with supplementary materials and methods, five supplementary figures
and four supplementary tables is included.
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Bacterial Strains and Growth Conditions
IR715 is a fully virulent, nalidixic acid resistant derivative of S. Typhimurium wild-type
isolate ATCC 14028 (Stojiljkovic et al., 1995). Mutant S. Typhimurium strains used in this
study were a znuA deletion strain (Liu et al., 2012) and a strain deficient in iroN (Bäumler et
al., 1998). Escherichia coli strains used in this study were E. coli MG1655 and JB2, an E.
coli mouse isolate from this study (Fig. 4a). See table S1 for a list of strains used in this
study. All strains were grown aerobically at 37°C in Luria-Bertani (LB) broth unless
otherwise noted.

Mouse Experiments
C57BL/6 wild-type mice and Il22−/− mice were used. The construction of Il22−/− mice is
described in the supplementary materials and methods of (Zheng et al., 2007). Mice were
treated with streptomycin and mock-infected or infected with S. Typhimurium as previously
described (Raffatellu et al., 2009). For some experiments, colitis was induced by dextran
sodium sulfate as described in (Winter et al., 2013; Wirtz et al., 2007). To reconstitute IL-22
in Il22−/− mice, mice were administered recombinant IL-22 (IL22-Fc, Genentech
PRO312045) every other day starting the day of streptomycin treatment. Control mice were
administered an isotype control antibody to ragweed (Genentech 10D9.1E11.1F12). All
animal experiments were reviewed and approved by the Institutional Animal Care and Use
Committee at the University of California, Irvine.

Isolation of colon crypts
Streptomycin-treated C57BL/6 mice or Il22−/− mice were infected with S. Typhimurium or
mock and sacrificed at 48 hours post infection. Crypt isolation from colon and cecum was
performed as described (Whitehead et al., 1993).

Analysis of the microbiota
DNA from the colon content was extracted using the QIAamp DNA stool kit (Qiagen)
according to the manufacturer’s instructions with modifications explained in supplemental
methods. Bacterial DNA was amplified by a two-step PCR enrichment of the 16S rDNA
(V4 region) encoding sequences from each sample using primers 515F and 806R modified
by addition of barcodes for multiplexing. Libraries were sequenced using an Illumina MiSeq
system. Uncalled bases, incorrect primer sequence, and runs of ≥12 identical nucleotides
sequences were removed. Following quality filtering, the sequences were demultiplexed and
trimmed before performing sequence alignments, identification of operational taxonomic
units (OTU), clustering, and phylogenetic analysis using QIIME open source software
(http://qiime.org).

Western blot
Total protein was extracted from mouse cecum using Tri-Reagent (Molecular Research
Center), resolved by SDS-PAGE and transferred to a PVDF membrane. Detection of mouse
tubulin was performed with primary rabbit polyclonal antibodies (Cell Signaling
Technology) while detection of calprotectin was performed with polyclonal goat anti-mouse
S100A8 and polyclonal goat anti-mouse S100A9 antibodies (R&D Systems). Lcn-2 was
detected by polyclonal goat anti-mouse antibodies (R&D Systems) and myeloperoxidase
was detected using a primary polyclonal goat anti-human and mouse antibody (R&D
Systems). As secondary antibodies, a goat anti-rabbit or rabbit anti-goat conjugate to
horseradish peroxidase (HRP) (Jackson) were used.
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Quantitative real-time PCR
Total RNA was extracted from mouse cecal tissue using Tri-Reagent (Molecular Research
Center). Reverse transcription of 1 μg of total RNA was performed using the Transcriptor
First Strand cDNA Synthesis kit (Roche). Quantitative real-time PCR (qRT-PCR) for the
expression of Actb, Il17a, Il22, S100a8, S100a9, Duox2, Nos2, Reg3g, Ido1, Cxcl1 and Ifng
was performed with the primers described in Supplemental Methods.

Histopathology
Tissue samples were fixed in formalin, processed according to standard procedures for
paraffin embedding, sectioned at 5 μm, and stained with hematoxylin and eosin. The
pathology score of cecal samples was determined by blinded examinations of cecal sections
from a board certified pathologist using previously published methods (Barthel et al., 2003;
Raffatellu et al., 2009). Each section was evaluated for the presence of neutrophils,
mononuclear infiltrate, submucosal edema, surface erosions, inflammatory exudates and
cryptitis. Inflammatory changes were scored from 0 to 4 according to the following scale:
0=none; 1=low; 2=moderate; 3=high; 4=extreme. The inflammation score was calculated by
adding up all of the scores obtained for each parameter and interpreted as follows: 0–2=
within normal limit; 3–5= mild; 6–8=moderate; 8+=severe.

Statistical analysis
Differences between treatment groups were analyzed by ANOVA followed by Student’s t
test. A P value equal to or below 0.05 was considered statistically significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Colonization of S. Typhimurium in WT and Il22−/− mice
WT and Il22−/− mice were infected with S. Typhimurium and colony forming units (CFUs)
in spleen (A) and colon content (B) were determined at 48h (WT n=10, Il22−/− n=10), 72h
(WT n=11, Il22−/− n=9) and 96h (WT n=11, Il22−/− n=10) after infection. (C) Il22−/− mice
were administered IL22-Fc or an isotype control antibody (n=3/group) and fecal samples
were collected at 48h, 72h and 96h after infection. Data shown represent CFUs per mg of
fecal material for colon content and CFUs per organ for spleen. Data represent the geometric
mean ± standard error. n.s.= not significant. A significant decrease over WT control is
indicated by ** (P value ≤ 0.01). (See also Fig. S1 and Table S1).
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Figure 2. Histopathology of WT and Il22−/− mice after infection with S. Typhimurium
(A) Blinded histopathology score indicating the score of individual mice 96h after either
mock infection (treated with streptomycin but not infected) or infection with S.
Typhimurium. The grey region includes scores indicative of moderate to severe
inflammation. (B) H&E stained cecal sections from representative animals in each group.
An image at lower magnification (10x) and one at higher magnification (40x) from the same
section are shown. L=lumen; M=mucosa; SM=submucosa. Note marked edema in the
submucosa and inflammation in mice infected with S. Typhimurium. (C) Myeloperoxidase
(MPO) was detected 72h post infection by immunoblot in protein samples prepared from the
cecum of mice that were mock infected or infected with S. Typhimurium. (D) Il22 was
detected by quantitative real time PCR in the cecum of WT mice (n=6) and Il22−/− mice
(n=6) 96h after infection with WT S. Typhimurium. A significant increase over mock
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control is indicated by *** (P value ≤ 0.001), n.d. = not detected. (See also Fig. S2 and
Table S2).
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Figure 3. Analysis of colonic microbiota in WT and Il22−/− mice by sequencing
Fecal samples were collected from mice before streptomycin treatment (n=9/group) and
mock-infected animals (n=4/group) or S. Typhimurium-infected animals (n=5/group) at 96h
post infection. The colonic microbiota was analyzed by sequencing using an Illumina MiSeq
system. Graphed is the average relative abundance of each bacterial genus (See also Fig. S3
and Tables S3 and S4).
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Figure 4. Competition of S. Typhimurium with E. coli
(A) Colon content samples collected from WT and Il22−/− mice at 96h post infection were
resuspended in PBS and streaked on MacConkey agar plates for single colonies.
Magnification shows the presence of lactose fermenting (pink) and lactose non-fermenting
colonies in a sample from an Il22−/− mouse. (B+C) WT and Il22−/− mice were either (B)
infected with S. Typhimurium (WT n=7, Il22−/− n=6) or (C) infected with S. Typhimurium
and 24h later given 109 CFUs of mouse E. coli strain JB2 (WT n=10, Il22−/− n=8). Four
days after infection with S. Typhimurium, colon content samples were collected and
MacConkey plates were used to enumerate lactose fermenting (E. coli) and non lactose-
fermenting (S. Typhimurium) colonies. Horizontal lines represent the geometric mean. (D)
Fecal samples were collected from WT and Il22−/− mice before and every 24h after mice
were given DSS in water. Samples were resuspended in PBS and plated on MacConkey agar
plates to enumerate CFUs of E. coli (WT n=4, Il22−/− n=4). Gray area (101 to 3×102)
indicates basal E. coli level in mice (See also Fig. S4).
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Figure 5. Expression of antimicrobial peptide genes
(A) Lcn2, S100a8, S100a9, (B) Duox2, Nos2, (C) Reg3g, and (D) Ido1 were detected by
quantitative real time PCR in the cecum of WT mice and Il22−/− mice 72h after infection
with WT S. Typhimurium. Infected WT n=6, infected Il22−/− n=6, mock n=4. Data are
expressed as fold increase over mock-infected WT mice. Data represent the geometric mean
± standard error. A significant increase over mock control is indicated by * (P value ≤ 0.05),
** (P value ≤ 0.01) and *** (P value ≤ 0.001). (See also Fig. S5).
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Figure 6. Expression of antimicrobial peptide genes in colonic crypts
(A) Lcn2, S100a8 and S100a9 were detected by quantitative real time PCR in isolated
colonic crypts of WT mice and Il22−/− mice 48h after infection with WT S. Typhimurium.
Infected WT n=6, infected Il22−/− n=6, mock n=2. Data are expressed as fold increase over
mock-infected WT mice. Data represent the geometric mean ± standard error (for some
conditions error marks are not visible due to small error). A significant increase over mock
control is indicated by ** (P value ≤ 0.01) and *** (P value ≤ 0.001). (B) Lcn-2, S100A8,
S100A9, myeloperoxidase (MPO), and tubulin were detected 48h post infection by
immunoblot in isolated crypts of WT and Il22−/− mice that were mock-infected or infected
with S. Typhimurium.
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Figure 7. Competition in wild-type and Il22−/− mice of S. Typhimurium WT with strains of
known sensitivity to antimicrobial proteins
Colon content samples were collected from mice three or four days after infection with S.
Typhimurium. Competitive index was calculated by dividing the output CFU ratio (WT/
mutant or E. coli) by the input CFU ratio (WT/mutant or E. coli). Competitive indices of S.
Typhimurium strains in the colon contents of WT and Il22−/− mice (n=5/group) infected
with (A) an equal mixture of WT S. Typhimurium and the iroN mutant, (B) WT S.
Typhimurium and the znuA mutant or (C) WT S. Typhimurium and E. coli. Data represent
the geometric mean ± standard error. A significant decrease over the competitive index in
WT mice is indicated by * (P value ≤ 0.05).
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