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Citrobacter rodentium is a natural murine intestinal pathogen that shares a core set of virulence factors with the related

human pathogens enteropathogenic Escherichia coli (EPEC) and enterohemorrhagic E. coli (EHEC). C. rodentium is now

the most widely used small animal model for studying the molecular underpinnings of EPEC and EHEC infections in vivo,

including: enterocyte attachment; virulence; colonization resistance; and mucosal immunity. In this review, we discuss

type 3 immunity in the context of C. rodentium infection and discuss recent publications that use this model to

understand how the innate and adaptive components of immunity intersect to mediate host protection against enteric

pathogens and maintain homeostasis with the microbiota.

HIGHLIGHTS

� Citrobacter rodentium infection is an excellent model for
studying the interactions between innate and adaptive
lymphocytes that characterize type 3 immune responses
to enteropathogens.

� Type 3 immune responses enable the clearance of
C. rodentium through the collaboration between antigen-
presenting cells, group 3 innate lymphoid cells, pathogen-
specific B cells and T cells, and the epithelium.

� IL-22 protects the intestinal barrier from enteropathogens
and reduces systemic dissemination of enterobacterial
pathobionts by enhancing the expression of gap junction
proteins, fucosylated mucins, bactericidal proteins, and
complement C3.

� IL-21 expedites the clearance of C. rodentium independently
of IL-22 in the later stages of infection.

GLOBAL BURDEN OF DIARRHEAGENIC ESCHERICHIA COLI

Diarrheagenic pathogens cause B0.8 million deaths per year in
children under the age of 5 years and are the second leading
cause of infection-related deaths in this demographic.1–3 While
many enteric pathogens can cause diarrhea, pathogenic E. coli is
a major contributor to diarrheal-related deaths. Diarrheagenic

E. coli are categorized into seven pathotypes that have been
previously reviewed, including: enteropathogenic E. coli
(EPEC), enterohemorrhagic E. coli (EHEC), enterotoxigenic
E. coli (ETEC) enteroinvasive E. coli (EIEC), enteroaggregative
E. coli (EAEC), diffusely adherent E. coli (DAEC), and adherent
invasive E. coli (AIEC).4,5 Of note, infections with EPEC and
ETEC are particularly lethal in developing countries.2 In
contrast, infections with EPEC, which caused outbreaks in
neonates in the United Kingdom and United States in the 1940s
and 1950s, are no longer thought to be common in the clinical
setting in these countries.5 Nevertheless, several diarrheagenic
E. coli pathotypes that do not produce Shiga toxin are not
reported by the CDC6 and their incidence is unknown.
Importantly, the annual number of multistate outbreaks
caused by Shiga toxin-producing (Stxþ ) EHEC in the United
States increased from 1 to 10 between 1998 and 2014, and the
largest global outbreak of diarrheagenic E. coli occurred in 2011
by a Stxþ EAEC.4,7 EPEC and EHEC share a similar
colonization strategy known as attaching and effacing (A/E)
lesion formation.4,8 A/E enteropathogens express conserved
virulence genes in a genomic island termed the locus of
enterocyte effacement (LEE); expression of LEE-encoded genes
are required for successful colonization and pathogenicity.9

Furthermore, studies demonstrated that K12 strains of E. coli
transformed with the LEE locus acquire the A/E phenotype,
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indicating that horizontal gene transfer of this pathogenicity
island is sufficient for the virulence of these microorganisms.10

While significant progress has been made developing intestinal
culture systems for studying these pathogens in vitro, trans-
genic mouse models provide powerful tools to assess the
contributions of the mucosal immune system and microbiota in
response to enteropathogenic infection.11–13

CITROBACTER RODENTIUM INFECTION MODEL FOR

ATTACHING AND EFFACING ENTEROPATHOGENS

C. rodentium was identified as the etiological agent of
transmissible murine colonic hyperplasia in a mouse colony
outbreak and remains the only known naturally occurring A/E
enteropathogen of mice.8 Because colonization of mice with
EPEC and EHEC requires pretreatment with antibiotics,
C. rodentium has become the principal rodent model for
studying infections with A/E enteropathogens.14,15 Additionally,
a Stx-expressing strain of C. rodentium was recently generated
and now offers a natural infection model for studying Shiga
toxin-producing E. coli.16 Studies with C. rodentium deletion
mutants were instrumental in identifying LEE-encoded and non-
LEE-encoded genes that are critical for enteropathogen colo-
nization and pathogenicity.17 The most widely studied of these
virulence factors include the adhesin intimin, the type III
secretion system, the translocator protein EspA, and the
translocated intimin receptor. Importantly, several vaccine
studies have reported success at reducing the colonization of
A/E enteropathogens by using intimin, translocated intimin
receptor, and EspA as antigens in various host species.18,19

Additionally, passively transferred antibodies against EspA were
shown to protect mice against infection with EHEC.20

C. rodentium primarily affects the distal large intestine, but
the tissue tropism differs depending on the inoculation method.
For example, when C. rodentium is passaged overnight in liquid
culture, colonization begins at the cecal patch and descends
toward the distal colon over subsequent days of infection.21

Interestingly, when mice are infected via natural transmission
during cohousing with orally infected mice, C. rodentium
bypasses the cecum, infection peaks earlier and requires 103-
fold fewer bacteria.21 Thus, infection with naturally transmitted
C. rodentium occurs more efficiently, suggesting that cecal
colonization is an adaptation to the intestinal environment
during which the bacterium upregulates virulence gene
expression.21–23 Several virulence factors that are induced
during infection can be expressed in vitro by culturing the
bacteria in Dulbecco’s modified Eagle’s medium, which
activates ler, a global transcriptional regulator of several
LEE-encoded genes.9,17,22 Recently, Kamada et al.22 designed
a bioluminescent reporter C. rodentium strain in which the ler
promoter was fused to the luxCDABE operon of Photorhabdus
luminescens to report the expression of LEE-encoded virulence
factors during C. rodentium infection.22 The ler-luxþ

C. rodentium reporter and Dler mutant were then used to
demonstrate that LEE-encoded genes must be expressed for
C. rodentium to compete with the microbiota in conventionally
housed mice.24 In contrast, C. rodentium downregulates

LEE-encoded genes in germ-free mice and relocates to the
intestinal lumen where it is outcompeted upon introduction of
the microbiota from SPF mice or E. coli.22,24,25 Moreover, it was
recently demonstrated that C. rodentium utilizes the type III
secretion system and A/E lesion formation to increase local
oxygenation at the mucosal surface, at least in part via
stimulation of more rapid cell division of undifferentiated
transit amplifying (TA) epithelial cells, which rely less on
butyrate metabolism that is a primary energy source for
superficial epithelial cells—and which depletes oxygen.26 This
facilitates the aerobic respiration of C. rodentium to permit its
more rapid growth while potentially restraining competition
with anaerobic constituents of the microbiota that are impaired
by increased oxygen. These studies suggest that A/E lesion
formation represents an evolutionary adaptation by
C. rodentium to compete with the endogenous microbiota
for colonization and transmission, and the distribution of
colonization along the cecum–colonic axis may reflect
geographical differences in the endogenous microbiota with
which C. rodentium must compete.

C. rodentium attachment typically occurs on the apical
surface of superficial enterocytes that line the intestinal lumen
and does not extend to epithelial cells that line the sides and the
base of crypts in wild-type mice.27 Whether this restricted
pattern of attachment reflects differences in the expression of
anti-microbial proteins, host receptors, goblet cells, or mucin
fucosylation along the crypt axis, or is driven by the presence of
innate and adaptive lymphocyte populations that reside in the
lamina propria, isolated lymphoid follicles, or colonic patches is
just beginning to be studied. Importantly, immunodeficient
mouse strains including Il22ra1� /� and Rag1� /� that
succumb to C. rodentium infection have impaired innate
and adaptive immune responses, respectively, and exhibit
increased bacterial colonization of crypts and translocation
relative to wild-type mice.27,28 This suggests that interleukin-22
(IL-22) signaling and some aspects of adaptive immunity are
critical for protecting the crypt epithelium during infection
with A/E enteropathogens, although the basis for this is not
understood.

INNATE IMMUNE RESPONSE TO C. RODENTIUM

Upon attachment of C. rodentium, epithelial cells are activated
to release anti-microbial proteins, serum amyloid A, and
reactive oxygen species as a first line of defense to quarantine
the pathogen to their apical surface.29–31 Subsequently, antigen-
presenting cells, migratory monocytes, and other phagocytes
use toll-like receptors and inflammasomes, consisting of
intracellular NOD-like receptors, as well as signals provided
by damaged epithelial cells to recognize and respond to
C. rodentium infection.29,30,32–36 CX3CR1þ macrophages,
CCR2þ macrophages, CD11bþF4/80þGr1þ inflammatory
monocytes, and CD11bþGr1þLy6Ghi neutrophils are impor-
tant phagocytes that are required for host defense against
enteropathogenic infection.24,33–35,37,38 While phagocytes
release proinflammatory cytokines and take up and lyse
C. rodentium, dendritic cells (DCs) also migrate to the draining
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lymph nodes to prime and imprint circulating lymphocytes
with chemokine receptors that direct them to the colonic
lamina propria where they perform their effector functions. In
particular, Notch2-dependent CD11bþCD103þ DCs are an
important source of the host-protective cytokine IL-23 in this
infection model.35 IL-23 enhances the production of IL-22 from
group 3 ILCs (ILC3s), neutrophils, and CD4þ T cells,
particularly T-helper type 17 (Th17) and Th22 cells.39

IL-22 has emerged as a central protective cytokine in the
C. rodentium infection model.40–42 IL-22 is an IL-10 family
member cytokine that is reported to promote barrier defense at
a range of mucosal surfaces and has an indispensible role in
protection against infection with C. rodentium.43,44 A number
of mechanisms have been proposed to explain how IL-22
mediates protection against enteropathogens, including
enhanced bactericidal peptide expression, wound healing, muc-
in fucosylation, and complement production (see below).28,45

Other important proinflammatory cytokines produced by
antigen-presenting cells in this infection include IL-1b, IL-6,
and IL-12.46–48 Collectively, these cytokines provide critical
signals for the activation of effector functions from innate and
adaptive lymphocytes during enteropathogenic infection.

ADAPTIVE IMMUNE RESPONSE TO C. RODENTIUM

Studies of the immune response to C. rodentium have shown
that CD4þ T cells and B cells are necessary for the clearance of
this enteropathogen, but CD8þ T cells are dispensable.49 CD28
and CD40L costimulation and T-dependent immunoglobulin
G (IgG) antibodies are required for the clearance of
C. rodentium, but secreted IgA and IgM are not.50–52 Additional
studies have demonstrated that the FcRn and Fcg receptors,
complement component C3, and a broad antibody repertoire
are protective during C. rodentium infection, suggesting that
IgG is the predominant T-dependent antibody isotype to
promote intestinal barrier integrity, potentially via complement
activation and increased phagocytosis.24,45,53–55 Collectively,
these studies suggest that the T follicular helper (Tfh) cell subset
is likely important in immunity to C. rodentium; however, the
developmental relationship between Tfh cells and the other
CD4þ T-cell populations that predominate in this infection
model have not been thoroughly examined and warrant further
study.52,56 For example, Th1, Th17, and Th22 cells are also
thought to mediate host defense against C. rodentium via
production of their signature cytokines interferon-g (IFN-g),
IL-17A, and IL-22, which enhance macrophage activation,
attract neutrophils, and modulate gene expression in the
epithelium, respectively.57 CD4þ T cells tend to initially
produce IL-17A and IL-22 in response to C. rodentium
infection, but as infection progresses, IFN-g production and
epithelial damage increase, along with a reduction in the
number of goblet cells.30,58,59 While it is not yet clear why this
occurs, it appears that IFN-g signaling is beneficial to the host,
as its absence is associated with delayed bacterial clearance and
increased goblet cell numbers.47,58 Nevertheless, neutralization
of IFN-g or IL-12 in the setting of IL-23 deficiency enhanced the
survival of Il23p19� /� mice, suggesting that the regulation of

Th17 to Th1 transition is a complex and incompletely
characterized, yet important process in immunity to
C. rodentium infection.37 As indicated previously, multiple
studies have observed that CD4þ T cells, ILC3s, and gd T cells
produce IL-17 and IL-22.40,59,60 While relative contributions of
these populations to protection against C. rodentium infection
have been debated, here we summarize recent findings and
promote the concept of integrated type 3 immunity that
requires the interplay of IL-22-producing ILC3s and CD4þ

T cells,32,60 which appear to have both redundant and non-
redundant functions.

SPATIOTEMPORAL CONTROL OF THE INTERPLAY

BETWEEN IL-22-PRODUCING INNATE AND ADAPTIVE

LYMPHOCYTES DURING C. RODENTIUM INFECTION

ILC3s, Th17 cells, and Th22 cells share several phenotypic and
developmental attributes.61,62 Importantly, RORgt and Ahr
regulate the production of IL-22 from each cell type.61 Because
neutralization of IL-22 before the peak of the CD4þ T-cell
response was lethal, Zheng et al.43 speculated that IL-22-
producing CD4þ T cells were dispensable for immunity to
C. rodentium infection and that CD11cþ DCs were the
protective source of IL-22.43 Subsequently, it was demonstrated
that IL-22-producing RORgtþ CD4þ lymphoid tissue inducer
cells were an abundant source of IL-22 in the colonic
intraepithelial layer of Rag1� /� mice that lack adaptive
lymphocytes; since these cells protected Il22� /� mice from
C. rodentium infection, whereas unpolarized CD4þ T cells did
not, it was further assumed that CD4þ T cells might be
dispensable as a source of IL-22 during infection.63 Additional
RORgt-dependent IL-22-producing ILCs were identified,
including natural killer-like cells that express the natural
cytotoxicity receptor (NCR) NKp46.64 These cells were
similarly protective during C. rodentium infection in the
absence of adaptive lymphocytes.64 IL-22-producing NCRþ

and NCR– ILCs (the latter including CD4þ and CD4–

lymphoid tissue inducer cells) were reclassified as ILC3s to
avoid confusion and separate these cells from other ILCs that
lack IL-22 production.61

Interestingly, whereas ILC3s are initially an abundant source
of IL-22 following infection, CD4þ T cells soon become the
dominant source of IL-22 as they migrate into the colonic
lamina propria around day 5 of infection.40,59 Indeed, Basu
et al.40 found that ILC3s fail to produce IL-22 in Il23p19� /�

mice infected with a low-dose inoculum of C. rodentium, yet
these mice survive and are protected via IL-23-independent
production of IL-22 by CD4þ T cells. In contrast, IL-6 was
essential for production of IL-22 from CD4þ T cells and host
protection, consistent with the requirement for IL-6 in the
development of Th17 family effector cells. Interestingly,
adoptive transfer studies demonstrated that Th22 cells derived
ex vivo were more protective against C. rodentium than
conventional Th17 cells on a per cell basis following transfers
into Il22� /� mice.40 Because ILC3s are the dominant source of
IL-22 before day 5, this suggests that ILC3s and CD4þ T cells
must both provide IL-22 to protect against C. rodentium
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infection—albeit at different tempos. Recently, using novel
mouse strains to assess the relative requirement of IL-22
expression by ILC3s in the presence of T cells, it was found that
IL-22 production by NCRþ ILC3s is redundant in immuno-
competent mice, where CD4þ T cells are present during
C. rodentium infection.32,42,60,65 In view of the initial findings
that implicate an important role for NCR– ILC3s early in
infection, these observations imply that NCR– ILC3s might be
more critical to early host protection before the development of
IL-22-producing CD4þ T cells.

In a study that used an intimin-deficient strain of
C. rodentium that cannot attach to the epithelium, it was
demonstrated that the production of IL-22 by ILC3s is triggered
by the presence of luminal C. rodentium, whereas the
production of IL-17 by CD4þ T cells requires epithelial
attachment24 (Figure 1). This suggests that ILC3s are activated
by luminal C. rodentium before the peak of bacterial
colonization and that the cytokine milieu established by
these cells might foster the induction and expansion of
Th17 cells and induce IL-22 by CD4 T cells in the
subsequent phase of the infection. Indeed, it is possible that
ILC3 cells recognize C. rodentium infection in the absence
of a functional type III secretion system in a manner consistent
with inflammasome activation in bone marrow-derived
macrophages infected with the ATPase-deficient DEscN
mutant C. rodentium.36

Recently, a fate reporter mouse was generated to mark all
cells that have transcribed IL-22 regardless of continued IL-22
production.59 Using this model, it was found that IL-22-
producing CD4þ T cells expanded during infection and were
an abundant source of IL-22 after day 5 of infection, consistent
with previous results,12 whereas ILCs and gdT cells produced
IL-22 earlier in infection but did not expand.59 In addition,
IL-22-producing CD4þ T cells exhibited greater plasticity as
indicated by the frequency of cells coexpressing IFN-g or
IL-17A relative to ILC3s, which primarily retained IL-22
production throughout the infection.59 Notably, IL-22þ fate
reporter cells were clustered in the isolated lymphoid follicles
on day 5 of C. rodentium infection, but were present in the
lamina propria by day 25 of the infection.59 This suggests that
ILC3s reside in isolated lymphoid follicles and are the
predominant producers of IL-22 early in infection, whereas
CD4þ T cells are recruited to the lamina propria and dominate
later. Interestingly, IL-22 expression by CD4þ T cells was
initially greater in the colonic lamina propria than in the
mesenteric lymph nodes,66 suggesting that either the program-
ming for IL-22 production by T cells is completed only after
migration from the draining lymph nodes to the mucosa or that
induction of T-cell priming might occur locally in the colonic
mucosa. It is currently unclear to what extent the early ILC3
response conditions the induction and/or recruitment of
CD4þ T cells, but there is clearly a spatiotemporal
difference in the production of IL-22 by these innate and
adaptive lymphoid populations that is consistent with a more
static, rapid-response characteristic of ILC3s compared with
T cells.

IL-22-DEPENDENT REGULATION OF INTESTINAL

COMMENSALS AND ENTERIC PATHOGENS

IL-22 enhances the production of the bactericidal proteins
lipocalin-2, S100A8, S100A9, RegIIIb, and RegIIIg, and
promotes barrier integrity via the upregulation of the tight
junction protein claudin-1.67 Lipocalin-2 sequesters iron from
bacterial siderophores.68 S100A8 and S100A9 heterodimerize
to form calprotectin, which chelates manganese and zinc from a
broad array of microorganisms, including C. rodentium.69

RegIIIb binds to lipid A and is bactericidal against Gram-
negative bacteria but not Gram-positive bacteria.70 In contrast,
RegIIIg binds to peptidoglycan and is bactericidal against
Gram-positive bacteria but not Gram-negative bacteria.71

Thus, not surprisingly, RegIIIg� /� mice clear infection with
C. rodentium normally; however, these mice exhibit increased
colonization with the Gram-positive mucosa-associated
bacterium, Enterococcus faecalis.28 Interestingly, delivery of
exogenous RegIIIg to Il22� /� mice infected with C. rodentium
increased their survival.43 This suggests that the induction of
RegIIIg by IL-22 could protect mice from the systemic
dissemination of Gram-positive microorganisms during
C. rodentium infection-induced colitis.28 Thus, IL-22-depen-
dent regulation of the microbiota appears to be multifaceted
and can have indirect actions.

IL-22 is reported to regulate the composition of the
microbiota during inflammation, but whether it does so under
homeostatic conditions is unclear.28,72,73 Furthermore, IL-22
has disparate effects on Enterobacteriaceae. While IL-22
inhibits the growth of C. rodentium and commensal E. coli,
it enhances the growth of Salmonella typhimurium.67 More
specifically, IL-22 reciprocally modulates the growth of
S. typhimurium and E. coli because E. coli is susceptible to
the metal-scavenging anti-microbial proteins lipocalin and
calprotectin, whereas S. typhimurium is not.67 Thus, these data
suggest that the anti-microbial effects of IL-22 on C. rodentium
infection could occur directly or reflect a perturbation to the
microbiota that alters niche competition.

Colonization resistance, or the ability of individual bacterial
species to impede the colonization of successive species, was
initially recognized in the 1950s and is the premise for probiotic
regimens and fecal microbiota transfer, which has become an
accepted therapeutic approach for treating antibiotic-resistant
Clostridium difficile infections.74 Indeed, colonization of
neonatal mice with Lactobacillus rhamnosus and L. helveticus
on day 7 of life was found to enhance the survival of neonates
infected with C. rodentium 7 days later.75 It was found that the
murine pathobiont segmented filamentous bacterium was
present in the cecum and ileum of mice from Taconic and was
associated with elevated IL-22 production and resistance to
C. rodentium infection compared with mice from Jackson
Laboratories (Bar Harbor, ME) that lacked segmented
filamentous bacterium.76 Interestingly, monocolonization of
Jackson mice with segmented filamentous bacterium was found
to impede subsequent C. rodentium infection. In another study,
gnotobiotic C3H/HeJ mice were colonized with the microbiota
of NIH Swiss strain that is resistant to C. rodentium infection

REVIEW

MucosalImmunology | VOLUME 10 NUMBER 5 | SEPTEMBER 2017 1111



and were designated as HeJ-NIH mice.77,78 Fecal microbiota
transfer of the microbiota from these HeJ-NIH mice to
HeJ mice transferred protection against C. rodentium to
HeJ mice that otherwise succumb to infection; the enhanced
survival in HeJ-NIH mice relative to HeJ-HeJ mice was
correlated with elevated Il22 and RegIIIb mRNA.77 Moreover,
the enhanced survival of HeJ-NIH mice during enteropatho-
genic infection was abrogated when IL-22 was neutralized,
suggesting that some aspects of colonization resistance may be
mediated via IL-22.77

Recently, IL-22 has been proposed to mediate protection
against systemic dissemination of pathobionts via the fucosyla-
tion of mucins. For example, the a1,2-fucosyltransferase gene
Fut2 is reduced in Il22ra1� /� mice upon C. rodentium
infection.28 While the Fut2 metabolite 20 fucosyllactose did not
promote the clearance of C. rodentium, it did reduce the
systemic dissemination of E. faecalis in Il22ra1� /� mice. In
addition, similar studies with C. difficile infection-induced
pathobiont dissemination further extend the anti-microbial
properties of IL-22 to the upregulation of C3 mRNA expression
and function in the liver and cecum.45 Thus, the activation of
complement by IL-22 increases the versatility of IL-22-
dependent immune responses by further linking innate and
adaptive lymphocytes with CR1þ phagocytes. Collectively,

these studies suggest multiple levels at which IL-22 integrates
immunity to enteric infection, including: modification of
mucin fucosylation, anti-microbial peptide production, com-
position of the intestinal microbiota, and complement activity
(Figure 2). Further studies will be required to unravel the
hierarchy of these effects in modulating IL-22-dependent
barrier defense.

IL-21-DEPENDENT REGULATION OF ENTERIC PATHOGENS

Because IL-22 can be induced by IL-21 and II21� /� mice had
delayed clearance of C. rodentium,57 we became interested in
the similarities and differences between IL-21 and IL-22 in this
infection model.40,79 Whereas both innate and adaptive
immune cells produce IL-22, CD4þ T cells are thought to
be the primary source of IL-21.80 IL-21 is a pleiotropic cytokine
that has been reported to enhance the production of the IL-23R
and maintain IL-17 production from CD4þ T cells while
inhibiting the expression of Foxp3.80,81 While IL-21 increases
the expression of IL-22 from CD4þ T cells cultured in vitro,
direct ex vivo analysis demonstrated that CD4þ T cells from
mice deficient for both IL-2 and IL-21 expressed increased
IL-22 relative to CD4þ T cells from mice deficient for IL-2
alone. This suggests that the interaction between IL-21 and
IL-22 is more complex than is evident from in vitro studies.82
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Figure 1 Enteropathogenic infection leads to dysbiosis of the microbiota and activation of type 3 immunity. C. rodentium attachment to the colonic
epithelium is associated with the development and regulation of type 3 immune responses in the lamina propria at early (d1–4; left panel), middle (d5–12;
middle panel), and late (d13–21; right panel) phases of the infection. Initially, dendritic cells (DCs) capture luminal C. rodentium (red), either directly or
from microfold (M) cells overlying isolated lymphoid follicle (ILFs) and colonic patches that translocate bacteria from the lumen (not shown), and
upregulate production of interleukin-1 (IL-1) and IL-23, which induce IL-22 expression from ILC3s. Attachment of host-adapted C. rodentium (green) to
enterocytes (attaching and effacing, or A&E, lesions) upregulates epithelial production of serum amyloid A (SAA), which induces the production of IL-6
from intestinal macrophages and promotes the expansion of T-helper type 17 (Th17) and Th22 cells. C. rodentium attachment induces epithelial
hyperplasia and reduces the diversity of the microbiota, which is restored during the resolution of C. rodentium infection. Clearance of C. rodentium is
associated with T-dependent antibody production, neutrophil recruitment, and an increase in interferon-g (IFN-g) and IL-21 production.
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Clearly, IL-21 has an important role in protecting mucosal
surfaces from infection as humans with IL-21 and IL-21R
deficiency exhibit increased susceptibility to parasitic, viral, and
bacterial infections,83–85 but how it contributes, and whether or
not it has a role in modulating IL-22 responses, is yet to be fully
characterized.

To further probe the role of IL-21 in host defense in the
intestine, Basu et al.40 explored the susceptibility of Il21� /�

mice to infection with C. rodentium. Unlike Il22� /� mice,
Il21� /� mice did not succumb to the infection; however, as
indicated previously, Il21� /� mice exhibit substantially
delayed clearance of this enteropathogen.40 Because of the
time lag associated with the activation and expansion of
pathogen-specific CD4þ T cells during infection, it is likely that
the levels of IL-21 immediately following infection are low and
that IL-21 production does not peak until the height of the
CD4þ T-cell response. Thus, the kinetics of IL-21 production
may have important implications for the likely targets of IL-21
signaling in this model and highlight key differences between
the function of IL-21 and IL-22 in mucosal immunity. A key
feature that distinguishes IL-21 and IL-22 signaling is that the
expression of IL-22RA1 is restricted to non-hematopoietic cells
while the IL-21R is expressed by multiple lineages, including

lymphocytes and non-hematopoietic cells. Thus, the diversity
of cells expressing the IL-21R suggests multiple potential routes
by which IL-21 could contribute the clearance of C. rodentium.

The delayed clearance of C. rodentium in Il21� /� mice is
consistent with intact innate immunity but an impaired
adaptive immune response, although it is unknown whether
this reflects defects in T-cell responses, B-cell responses, or
both. Because of the importance of IL-21 in antibody
production, it is likely that C. rodentium-specific antibodies
are diminished in Il21� /� mice relative to wild-type mice.86

IL-21 is highly produced by conventional CXCR5þPD-1þ Tfh
but inhibits the expression of Foxp3 by CD4þ T cells, raising
the possibility that IL-21 deficiency alters the balance between
Tfh cells, Foxp3þ Treg cells, and T follicular regulatory cells so
as to impair the C. rodentium-specific IgG response during
infection81,87,88 (Figure 3). Whether IL-21 regulates the balance
of these cells by modulating their survival, migration,
interconversion, or death is currently unknown, but recent
data indicate that IL-21 signaling may inhibit the proliferation
of T follicular regulatory cells.89,90 Nevertheless, it would
appear that sufficient antibody production remains to eradicate
the infection, as bacterial clearance is delayed, but not lost,
in Il21� /� mice.12 It is unknown whether IL-21 deficiency
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Figure 2 Interleukin-22 (IL-22)-dependent actions that contribute to host defense during C. rodentium infection. During type 3 immune responses to
C. rodentium infection, IL-22 promotes host protection by upregulating epithelial wound repair and anti-microbial peptide production. In particular, IL-22
enhances the mRNA expression of the gap junction protein claudin-1 and the anti-microbial peptides RegIIIb, RegIIIg, S100A8, S100A9, and lipocalin-2 in
the colon.67 S100A8 and S100A9 heterodimerize to form calprotectin, which sequesters zinc and manganese from pathogens and commensals.
Although not directly bactericidal against C. rodentium, RegIIIg likely enhances survival of WT mice by preventing the dissemination of mucosa-
associated Gram-positive pathobionts, such as E. faecalis, which occurs in Il22ra1� /� mice.28 IL-22 further regulates the fucosylation of mucins forming
the gylcocalyx and production of the C3 component of complement that contribute to alteration of the microbiota composition and prevent systemic
dissemination of pathobionts during enteric infection.28,45

REVIEW

MucosalImmunology | VOLUME 10 NUMBER 5 | SEPTEMBER 2017 1113



impairs Th17 and Th22 responses during infection, although
IL-21 can enhance IL-6-driven Th17 development in vitro.
Each of these issues will require further study.

To date, most experimental models of infection or immu-
nization designed to probe the function of IL-21 in mice have
focused on the systemic immune system rather than specific
mucosal sites; however, IL-21 was shown to enhance the rate
of clearance of the gastrointestinal bacterial and parasitic
pathogens Helicobacter pylori and Toxoplasma gondii, respec-
tively.86,91–95 Interestingly, administration of IL-21 to SIV-
infected rhesus macaques reduces the systemic dissemination
of LPS into circulation, suggesting that IL-21 prevents the
translocation of Gram-negative bacteria from the intestine.96

These data suggest that the increased production of IL-21
observed upon perturbation to the intestinal microbiota, such
as in patients with inflammatory bowel disease and mice treated
with dextran sulfate sodium, might reflect a compensatory
mechanism to restore homeostasis in the intestine; however,
whether IL-21 regulates the composition of the intestinal
microbiota has not been directly examined.97–99

FUTURE PROSPECTS FOR TRACKING TYPE 3 IMMUNITY IN

THE C. RODENTIUM INFECTION MODEL

A shortcoming of the C. rodentium infection model is the lack
of antigen-specific tools with which to track the fate and
function of the pathogen-specific CD4þ T cells and B cells
during infection. To our knowledge, the only reagents that are

currently available to address this issue include transgenic
strains of C. rodentium that express OVA or GFP, OT-II T-cell
receptor transgenic mice, OVA tetramers, and peptide-major
histocompatibility complex tetramers that contain immuno-
dominant epitopes from OVA or GFP.56,78,100,101 In fact, the
only study to examine the antigen-specific CD4þ T-cell
response to C. rodentium infection used the OVA-expressing
strain to demonstrate OVA-specific Th1 cells enhance IgG1
antibodies to C. rodentium.56 Adopting this strategy, or a
similar one, to study antigen-specific T-cell responses during
C. rodentium infection would greatly improve our under-
standing of the C. rodentium-specific CD4þ T-cell subsets that
develop during enteropathogenic infection and their over-
lapping and distinct functions relative to ILC3s. First, this
approach would provide an opportunity to delineate the
functions of C. rodentium-specific CD4þ T cells in the
presence of an intact ILC3 compartment, as ILC3 cells lack
expression of a T-cell receptor. Interestingly, because CCR6þ

Tbet–RORgtþ ILC populations are reported to express major
histocompatibility complex class II and function as antigen-
presenting cells,102 this may also offer a means to better
examine the interaction between ILC3s and CD4þ T cells
during enteropathogenic infection. Second, Tfh cells and T
follicular regulatory cells have been widely studied in secondary
lymphoid organs and the Peyer’s patch of the small intestine,
but have not been examined in the colon where the largest
density of commensal antigens are located.92,95,103 Precisely

TA cell

C. rodentium

E. faecalis

AMP

C1

Neutrophil
Plasma

cell
Crypt

stem cell
GC

B cell Tfr

Th17

Th1

Tfh

IL-6

IL-21

Th1

Th17

WT

IL-6

Il21–/–

Figure 3 Interleukin-21 (IL-21) enhances humoral immunity to enteropathogens. During type 3 immune responses IL-6 induces IL-21 production by
CD4þ T cells and promotes the clearance of C. rodentium infection. IL-21 is highly produced by both T follicular helper (Tfh) cells and T-helper type 17
(Th17) cells, inhibits Foxp3 expression, and alters the Tfh to T follicular regulatory (Tfr) balance via undefined mechanisms.87,88 IL-21 enhances plasma
cell differentiation and immunoglobulin G (IgG) production.86
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how IgG affinity maturation occurs in this environment during
enteropathogenic infection is not well understood, considering
that many intestinal phagocytes are tolerant of luminal antigens
in the steady state. Third, the development of transgenic
antigen-specific model systems with which to study
C. rodentium-specific adaptive responses would also enhance
our understanding of both early immunological priming events
and immunological memory associated with type 3 immunity
following A/E enteropathogen infection in the large intes-
tine.56,104–106 Finally, without better methods for tracking
clonal populations of CD4þ T cells and B cells during
C. rodentium infection, it is difficult to understand how and
where antigen-specific Th17 cells transition into Th1 cells
during infection and the roles played by each in host defense.

Ideally, the utilization of C. rodentium strains that express
model antigens should eventually be supplemented with
additional reagents to track pathogen-specific lymphocytes
based on the endogenous antigens of this bacterium. Because
studies using intimin-deficient strains of C. rodentium in germ-
free mice revealed that LEE-encoded virulence factors are
dominant antigens for this pathogen, peptide-major histo-
compatibility complex tetramers using epitopes from these
virulence factors may be ideal.24 Interestingly, immunization of
formalin-fixed C. rodentium promoted hyperplasia of the
epithelium, IFN-g production, and the proliferation of CD4þ

T cells, whereas immunization of formalin-fixed Deae
C. rodentium that lacks intimin did not, indicating that intimin
is required to induce CD4þ T-cell proliferation and activa-
tion.107,108 Currently, it is unknown whether the intimin-
induced proliferation of CD4þ T cells occurs via the interaction
of intimin with integrins, or whether an immunodominant
peptide within the intimin protein induces the proliferation of
CD4þ T cells; however, these studies occurred before the
characterization of Th17 cells, which were recently shown to be
activated by intimin-expressing C. rodentium.30 Thus, addi-
tional analyses of intimin-specific effects on CD4þ T-cell
subsets are warranted.24,108,109 We anticipate that these
reagents will improve the characterization type 3 immune
responses in the intestine and facilitate the generation of
improved vaccines to A/E enteropathogens.

CONCLUSION

C. rodentium has become a widely studied model of A/E
enteropathogenic infection and represents an important
infectious model for understanding the dynamics of type 3
immunity in host defense. In this review, we have overviewed
our current understanding of the dynamics of the innate and
adaptive response to infection with C. rodentium with
particular emphasis on our current understanding of the
sources of IL-22 and IL-21 and their targets of action. Clearly,
much remains to be explored. We envision that future studies
using C. rodentium as a model enteric pathogen will increase
our understanding of the interactions between innate and
adaptive lymphocytes and could be of potential benefit for
mucosal vaccinations designed to enhance the quality of Th17
and Tfh cell responses.
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