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Abstract

Campylobacter jejuni is a major source of foodborne illness in the developed world, and a common cause of clinical
gastroenteritis. Exactly how C. jejuni colonizes its host’s intestines and causes disease is poorly understood. Although it
causes severe diarrhea and gastroenteritis in humans, C. jejuni typically dwells as a commensal microbe within the intestines
of most animals, including birds, where its colonization is asymptomatic. Pretreatment of C57BL/6 mice with the antibiotic
vancomycin facilitated intestinal C. jejuni colonization, albeit with minimal pathology. In contrast, vancomycin pretreatment
of mice deficient in SIGIRR (Sigirr2/2), a negative regulator of MyD88-dependent signaling led to heavy and widespread C.
jejuni colonization, accompanied by severe gastroenteritis involving strongly elevated transcription of Th1/Th17 cytokines.
C. jejuni heavily colonized the cecal and colonic crypts of Sigirr2/2 mice, adhering to, as well as invading intestinal epithelial
cells. This infectivity was dependent on established C. jejuni pathogenicity factors, capsular polysaccharides (kpsM) and
motility/flagella (flaA). We also explored the basis for the inflammatory response elicited by C. jejuni in Sigirr2/2 mice,
focusing on the roles played by Toll-like receptors (TLR) 2 and 4, as these innate receptors were strongly stimulated by C.
jejuni. Despite heavy colonization, Tlr42/2/Sigirr2/2 mice were largely unresponsive to infection by C. jejuni, whereas
Tlr22/2/Sigirr2/2 mice developed exaggerated inflammation and pathology. This indicates that TLR4 signaling underlies the
majority of the enteritis seen in this model, whereas TLR2 signaling had a protective role, acting to promote mucosal
integrity. Furthermore, we found that loss of the C. jejuni capsule led to increased TLR4 activation and exaggerated
inflammation and gastroenteritis. Together, these results validate the use of Sigirr2/2 mice as an exciting and relevant
animal model for studying the pathogenesis and innate immune responses to C. jejuni.
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Introduction

Campylobacter jejuni is one of the leading bacterial causes of

gastroenteritis in the world. Although responsible for the majority

of food-borne bacterial infections in developed countries, and

compared to many other common enteric bacterial pathogens, our

understanding of the mechanisms underlying C. jejuni’s pathogen-

esis remains poorly defined [1]. One reason for our limited

understanding is that C. jejuni appears to utilize unique pathogenic

strategies, as it lacks many of the common toxins, effector proteins

and virulence factors found in other pathogenic bacteria [1]. For

example, cytolethal distending toxin is the only toxin so far

identified within Campylobacter strains [1,2] yet its potentially toxic

role in vivo remains unclear [2]. Furthermore, a number of

bacterial factors such as capsular polysaccharides [3,4], lipo-

oligosaccharides [4] and proteins such as CadF [5], Peb1 [6,7],

JlpA [8] and the Campylobacter invasive antigens (Cia) [1,9–11],

have all been studied in vitro for roles in C. jejuni cell adhesion and
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invasion, and in the existing commensal colonization models,

however whether they play any role in pathogenicity in vivo is

largely unknown.

Indeed, the study of C. jejuni pathogenicity has largely been

limited by the lack of relevant and convenient animal models that

can be used to replicate human disease [12]. While C. jejuni readily

colonizes poultry, it does so in a commensal fashion, causing no

disease and thus not providing significant insight into C. jejuni

pathogenesis or how the host defends against these microbes.

Galleria mellonella larvae, which are a common animal model used

for the study of several bacterial pathogens have been applied to C.

jejuni [13,14], but their relevance in modeling vertebrate enteric

infection is limited. While colostrum-deprived piglets [15], as well

as ferrets [16] have been used to model C. jejuni infection with

some success, their use is limited by the difficulty obtaining and

maintaining these animals, and a lack of immunologic and genetic

tools to aid in studying the host response to infection.

Mice would normally provide a preferred infection model

system; however, they have repeatedly proven resistant to

pathogenic infection by C. jejuni, and many strains are unable to

even be reliably colonized [17]. The basis for their resistance to C.

jejuni colonization appears to at least partially reflect active

competition from the resident intestinal microbiota, thereby

preventing C. jejuni from establishing a niche within the murine

gut [17–19]. Secondly, the murine immune system has proven

very tolerant to the presence of C. jejuni and in wild-type (WT)

mice, their presence only rarely elicits any overt intestinal

inflammation [20,21]. To overcome this tolerance, several groups

have tested genetically manipulated mice that develop exaggerated

inflammatory responses to bacteria, such as IL-10-deficient (Il-

102/2) mice [20]. While Il-102/2 mice can be colonized by C.

jejuni, resulting in severe enterocolitis, the loss of IL-10 dramatically

alters the murine immune system. As a result, their immune

system is unable to effectively clear C. jejuni from the GI tract,

leading to chronic colonization rather than the acute infections

seen in humans. Moreover the immune systems of Il-102/2 mice

are so sensitive that the presence of any commensal microbe can

potentially trigger spontaneous enterocolitis [21]. The oral gavage

and intraperitoneal injections of MyD88-deficient mice, have also

been employed for the study of C. jejuni colonization and

dissemination in mice [22–24], but encounter the reverse

limitation of Il-102/2 mice, where the immune response is

attenuated, allowing for colonization of the intestine or systemic

sites with limited host responses. This provides utility for the study

of colonization, but not immunity and the development of

inflammation in response to C. jejuni.

Recently we showed that mice deficient in Single IgG IL-1

Related Receptor (SIGIRR) exhibit increased susceptibility to

infection by two natural enteric bacterial pathogens of mice,

namely Citrobacter rodentium and Salmonella enterica serovar Typhimur-

ium [25]. In both mice and humans, SIGIRR is highly expressed

by intestinal epithelial cells and acts as a negative regulator of

MyD88-dependent signaling, thus acting to dampen signaling by

most Toll-like receptors as well as interleukin (IL)-1R [25–27]. In

the absence of SIGIRR, when these receptors are activated, their

downstream signaling is increased, resulting in increased innate

inflammatory responses [26,27]. In the context of C. rodentium and

S. Typhimurium infections, we found that Sigirr2/2 mice not

only developed exaggerated forms of infectious colitis, but they

were also infected much more rapidly and with much lower

infectious doses than WT mice. This heightened susceptibility was

shown to reflect exaggerated antimicrobial responses by Sigirr2/2

mice that were surprisingly ineffective against pathogens, but

instead depleted the competing commensal microbes [25],

dramatically reducing the microbiota based resistance to intestinal

pathogen colonization.

Based on their heightened susceptibility to natural bacterial

pathogens of mice, we examined whether Sigirr2/2 mice could

potentially serve as an infection model for the human pathogen C.

jejuni. Although orally delivered C. jejuni were able to sporadically

colonize Sigirr2/2 mice, antibiotic pretreatment was found to

facilitate pathogen colonization, leading to acute gastroenteritis in

infected Sigirr2/2 mice. We confirmed that C. jejuni primarily

activates the innate receptors TLR2 and TLR4 [28–31], and

found that TLR4 signaling was responsible for most of the

inflammatory changes seen during infection. In addition to the

requirement for innate signaling, the development of gastroenter-

itis was also dependent on the activity and pathogenicity of C.

jejuni. In infections with C. jejuni mutants deleted for flaA (flagella)

[32] or kpsM (capsular polysaccharide) [31,33,34], the ability of C.

jejuni to cause gastroenteritis was significantly altered. Together,

these results validate the use of Sigirr2/2 mice as an exciting and

relevant animal model for studying innate immune responses to C.

jejuni, as well as for the study of pathogenicity factors governing

infection by this microbe.

Results

Campylobacter jejuni colonizes and infects the intestines
of Sigirr2/2 mice

The murine intestine is thought to be highly resistant to oral

infection by C. jejuni, based primarily on the ability of the resident

gut microbiota to outcompete any incoming C. jejuni [17,35]. Our

experiments support this concept, as we found infrequent and

inconsistent C. jejuni colonization of conventionally housed WT

C57BL/6 mice following oral inoculation with our wild-type C.

jejuni strain 81–176 (107 CFU) (data not shown). To overcome this

barrier to colonization, we pretreated WT C57BL/6 mice with

vancomycin by oral gavage prior to inoculation with C. jejuni.

Previous research by Russell et al. [36] showed that oral

vancomycin treatment depleted Bacteroidetes and Clostridia from

the intestines of mice while promoting the overgrowth of

Author Summary

Research into the key virulence strategies of the bacterial
pathogen Campylobacter jejuni, as well as the host
immune responses that develop against this microbe
have, in many ways, been limited by the lack of relevant
animal models. Here we describe the use of Sigirr deficient
(2/2) mice as a model for C. jejuni pathogenesis. Not only
do Sigirr2/2 mice develop significant intestinal inflamma-
tion in response to colonization by C. jejuni, but the ability
of this pathogen to trigger gastroenteritis was dependent
on key virulence factors. We also found that the induction
of the inflammatory and Th1/Th17 immune responses to
infection in these mice depended on specific Toll-like
receptors, principally TLR4, which we identified as the
main driver of inflammation. In contrast, TLR2 signaling
was found to protect mucosal integrity, with Tlr22/2/
Sigirr2/2 mice suffering exaggerated mucosal damage and
inflammation. Notably, we found that C. jejuni’s capsule
helped conceal it from the host’s immune system as its
loss led to significantly increased activation of host TLRs
and exaggerated gastroenteritis. Our research shows that
the increased sensitivity of Sigirr2/2 mice can be used to
generate a unique and exciting model that facilitates the
study of C. jejuni pathogenesis as well as host immunity to
this enteric pathogen.
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Lactobacilli [36]. Vancomycin pretreatment has also been shown to

promote S. Typhimurium colonization and colitis in a fashion

similar to streptomycin pretreatment [37]. Following oral inocu-

lation with C. jejuni, we found the vancomycin pretreated WT mice

exhibited consistent and robust pathogen colonization in their ceca

(Figure 1a) and colons (Figure S1a). Despite their high levels of

colonization, minimal signs of inflammation were observed

(Figure 1b and c), consistent with previously published analyses

of C. jejuni-colonized immunocompetent mice.

Considering that Sigirr2/2 mice exhibit impaired colonization

resistance against several murine enteric bacterial pathogens, we

tested their susceptibility to C. jejuni infection/colonization. We

again saw only sporadic colonization in some mice, but in contrast

to WT mice, we also saw occasional signs of intestinal

inflammation and other forms of pathology but the results were

insufficiently reproducible to provide a reliable model (data not

shown). We therefore tested the impact of pretreating Sigirr2/2

mice with vancomycin, as previously described for WT mice. We

noted that vancomycin induced a similar change in the intestinal

microbiota of Sigirr2/2 mice as we had found for WT mice (Figure

S2). Four hours after vancomycin pretreatment, we orally infected

Sigirr2/2 mice along with WT mice with approximately 107 CFU

of C. jejuni 81–176. We euthanized the mice at 3 and 7 days post-

infection, assessing pathogen burden in the cecum (Figure 1a),

Figure 1. Colonization of WT and Sigirr2/2 mice by C. jejuni 81–176, 3 and 7 DPI. (A) High numbers (,109 CFUs/g) of C. jejuni were
recovered at both 3 and 7 DPI from the ceca of infected mice that were pre-treated with 5 mg of vancomycin. No statistically significant differences
in numbers were found between WT and Sigirr2/2 mice as indicated by a t-test, p.0.05. n = 10 or 11 WT mice, and 12 or 13 Sigirr2/2 mice for 3 and
7 DPI respectively. (B) H&E stained, formalin-fixed histological sections of ceca recovered from WT or Sigirr2/2 mice 3 and 7 DPI. Upper panels are
6100 magnification, while lower panels are 6400 magnification. (C) Pathological scoring was done by two blinded observers, using H&E stained,
formalin-fixed cecal tissue sections. Each condition represents a minimum of three separate experimental replicates, with 2–3 mice per experiment
for a total of 6–9 mice per group. Control mice were used as a reference and consisted of 3 uninfected mice, pre-treated with a single dose of 5 mg/
100 ml vancomycin, and euthanized 3 days post-treatment. WT (B6) mice did not exhibit any significant signs of inflammation, while Sigirr2/2 and
Tlr22/2/Sigirr2/2 mice showed a significant increase relative to the uninfected Sigirr2/2 control, both 3 and 7 DPI. Tlr42/2/Sigirr2/2 mice showed a
statistically significant increase, relative to control mice at 3 DPI only, but even at 3 DPI, were significantly less than either Sigirr2/2 and Tlr22/2/
Sigirr2/2 mice. Statistical significance was determined using a two-way ANOVA and a Bonferroni post-test (NS p.0.05, *p,0.05, ** p,0.01, *** p,
0.001, **** p,0.0001).
doi:10.1371/journal.ppat.1004264.g001
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colon, ileum, mesenteric lymph nodes (MLN), spleen and feces

(Figure S1a–e). Both WT and Sigirr2/2 mice were quickly

colonized, with both strains of mice reaching cecal colonization

levels of approximately 109 CFU/g within 3 days. In Sigirr2/2

mice, colonization numbers usually peaked within 7–9 days, and

began to drop significantly by 2–3 weeks post-infection, with low

levels of C. jejuni (,104 CFUs/g) found beyond 3 weeks (Figure

S3a). WT mice maintained high and relatively unchanging

pathogen burdens for at least 25 days (Figure S3a). Colonization

in the colon was similar to the cecum, whereas relatively fewer C.

jejuni were recovered from the ileum (Figure S1b). Fecal samples

taken just prior to euthanization, and throughout the infection,

proved to be largely representative of the colonization of both the

cecum and colon, with the numbers more closely resembling the

numbers recovered from the colon (Figure S1e and f). C. jejuni were

also occasionally recovered in low numbers from the MLN and

rarely from the spleen (Figure S1c, d), indicating that even with a

high pathogen burden in the gut, C jejuni did not readily go

systemic.

Despite carrying similar pathogen burdens, the macroscopic

pathology resulting from C. jejuni colonization was dramatically

more severe in the Sigirr2/2 mice as compared to WT mice.

Although neither mouse strain exhibited significant weight loss (.

10%) (Figure S3b) or other severe signs of morbidity, the ceca and

proximal colons of the Sigirr2/2 mice were overtly inflamed and

often devoid of stool contents. In mice at the height of infection,

the stool itself often became noticeably softer and sticky.

Significant enlargement of the mesenteric lymph nodes was also

noted in infected Sigirr2/2 mice (Figure S4). In comparison,

control mice treated with vancomycin, but not receiving C. jejuni,

exhibited no significant signs of intestinal pathology 3 or 7 days

post antibiotic treatment (Figure 1c and data not shown). As

expected, histology revealed few, if any, signs of cecal inflamma-

tion in WT mice at 3 DPI (Figure 1b), and only very mild signs of

inflammation at 7 DPI, despite their heavy pathogen burden. In

contrast, the cecal pathology and inflammation observed in

infected Sigirr2/2 mice was very severe at both 3 and 7 DPI,

including submucosal edema, crypt hyperplasia and widespread

immune/inflammatory cell infiltration (Figure 1c). In some cases,

the Sigirr2/2 mice developed focal cecal ulcers, accompanied by

bleeding into the lumen (Figure 1b). The severe damage was

focused within the cecum and proximal colon, with only minimal

signs of inflammation appearing elsewhere in the intestine.

When we measured gene transcript levels of several key

cytokines, we found that despite the lack of overt inflammation

in the infected WT mice, they still showed upregulated gene

transcript levels for a number of cytokines compared to uninfected

mice, most notably TNFa, indicating that the WT mice were not

completely unresponsive to the presence of C. jejuni. However these

responses were insufficient to trigger overt signs of inflammation

(Figure 2). The infected Sigirr2/2 mice also showed elevated

cytokine gene transcripts at levels significantly higher than those

seen in WT mice. Notably, at both 3 and 7 DPI, the Sigirr2/2

mice showed significantly higher mRNA levels for IL-17A, TNF-a
and Interferon gamma (IFNc), indicative of a stronger inflamma-

tory response. We also observed higher transcription of the

neutrophil chemoattractant KC, as well as the cytokines IL-1b, IL-

18 and IL-22, though the variability between mice prevented the

demonstration of statistical significance.

C. jejuni localizes within the cecal crypts of Sigirr2/2 mice
To better define the cause of the exaggerated tissue pathology

suffered by infected Sigirr2/2 mice, we explored the localization of

the colonizing C. jejuni and whether it differed with that in WT

mice. Staining for C. jejuni in intestinal tissue sections of WT mice

at both 3 and 7 DPI revealed the bacteria were largely limited to

the intestinal lumen, with rare C. jejuni found in only 26.5% (70/

264) of crypts. We also noted C. jejuni accumulating in the mucus

layer, whereas relatively few microbes were found in direct contact

with the intestinal epithelium or penetrating the cecal or colonic

crypts (Figure 3). Conversely, in the Sigirr2/2 mice, C. jejuni were

not only found within the intestinal lumen and the mucus layer,

but large numbers were also seen penetrating deep within cecal

and colonic crypts (Figure 3). In these mice, 56.2% (82/146) of

crypts were found to be heavily colonized by C. jejuni.

C. jejuni adhere to as well as invade the intestinal
epithelium of Sigirr2/2 mice

When we examined the localization of C. jejuni within Sigirr2/2

tissues more closely, we observed that large numbers of the

bacteria were in direct contact with the intestinal epithelium,

particularly within crypts (Figure 3a). By co-staining for C. jejuni

antigens along with either b-actin or cytokeratin 19, we could

clearly visualize the cytoskeleton of the epithelial cells, relative to

the localization of the C. jejuni. In addition to adherent C. jejuni, we

also visualized C. jejuni co-localizing with and potentially within the

epithelial layer (Figure 4a). To address whether these C. jejuni were

intracellular, we examined the stained cells using confocal

microscopy, to determine whether they were in fact internalized

(Figure 4b and c). Indeed, in the X, Y and Z axes, labeled C. jejuni

were present inside epithelial cells, often organized into spherical

foci, suggesting their localization within a vesicle or phagosome

(Figure 4b and c). Previous studies have identified Lamp-1, a

lysosome-associated membrane protein as a marker for intracel-

lular S. Typhimurium containing vacuoles [38,39] as well as for

phagosomes containing C. jejuni [40,41] inside cultured epithelial

cells. To address whether a similar structure was present in vivo, we

stained for Lamp-1 [42], and clearly observed internalized C. jejuni

within epithelial cells to be surrounded by Lamp-1 positive

membrane structures (Figure 4d). Although the precise numbers of

internalized C. jejuni present in a tissue section varied, we observed

intracellular C. jejuni in all infected Sigirr2/2 mice tested.

Campylobacter virulence factors are necessary for
successful infection

While our data showed that SIGIRR deficiency facilitated the

ability of C. jejuni to adhere to and infect intestinal epithelial cells in

vivo, resulting in overt gastroenteritis, it was unclear whether the

resulting pathology depended on C. jejuni pathogenicity factors. To

test this, we inoculated our WT and Sigirr2/2 mice with two

previously well-characterized C. jejuni mutants: DkpsM and DflaA,

as well as the complemented strains for each mutant. The kpsM

gene encodes the permease of the capsule polysaccharide ABC

transporter. This gene deletion results in the loss of the entire

capsule surrounding the microbe, which is thought to be a key

virulence-associated cellular structure [33,43]. The DflaA flagellar

mutant lacks the primary flagellin protein, and although expres-

sion of the secondary FlaB flagellin continues, the result is a

truncated flagellum and a significant loss of motility [44]. This

phenotype has been previously associated with an inability to

invade epithelial cells in vitro [32], and defective colonization of

chicks [45].

We initially observed significant shifts in colonization for each of

the mutant strains tested. Whereas wild-type C. jejuni readily

colonized the intestines of Sigirr2/2 mice, each of the mutant

strains suffered colonization defects (Figure 5a and b, Figure S5a).

The DkpsM mutant was significantly impaired at 3 DPI, but

Campylobacter jejuni Infection in SIGIRR-Deficient Mice
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approached WT numbers by 7 DPI. The complemented version

of this mutant was significantly less impaired for colonization at

3 DPI, and more closely resembled the colonization potential of

the wild-type strain. Conversely, the DflaA flagellar mutant was

severely impaired in colonization and was completely lost from the

intestine by 3 DPI and remained absent at 7 DPI. The mutant

and complemented strains were also assessed for growth in vitro,

and neither mutant exhibited growth defects (Figure S5b).

In terms of pathology, each mutant exerted a substantially

different effect on the gastroenteritis seen in infected Sigirr2/2

Figure 2. Cytokine production in infected mice. (A–H) RT-qPCR conducted on RNA extracted from the ceca of uninfected control or infected
mice. Controls are the pooled results of 9, vancomycin pre-treated, but uninfected mice, euthanized 3 days post-treatment. All infected mice
represent the average results of 3 independent experiments, each of which include the pooled RNA of 2–3 mice, for 6–9 mice total for each mouse
strain, euthanized either 3 or 7 DPI. Statistical significance was determined using a One way ANOVA with a Bonferroni post-test. * p,0.05 relative to
WT (B6) or Sigirr2/2 uninfected control mice. ** p,0.05 relative to the infected WT (B6) mice euthanized on the same DPI in addition to the
uninfected control mice.
doi:10.1371/journal.ppat.1004264.g002

Figure 3. Immunofluorescence staining of C. jejuni cecal colonization in vivo. Formalin-fixed tissue sections of ceca obtained from C. jejuni-
infected WT and Sigirr2/2 mice 7 DPI at 6200 magnification. Cell nuclei are stained with DAPI (blue), epithelial cells are outlined with antibodies
specific to b-actin (green), and C. jejuni (red) are clearly visible around the edge of the lumen and into the cecal crypts.
doi:10.1371/journal.ppat.1004264.g003

Campylobacter jejuni Infection in SIGIRR-Deficient Mice
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Figure 4. Immunofluorescent staining of intracellular C. jejuni in vivo. (A) Intracellular C. jejuni are visible in the cecal epithelium. C. jejuni
(red), are visible against the b-actin (green) and the nuclei (DAPI, blue) of the cecal epithelium of a Sigirr2/2 mouse,61000 magnification. (B) Confocal
image of C. jejuni (red) present within epithelial cells of the colon of a Sigirr2/2 mouse, highlighted against the Cytokeratin 19 of the cytoskeleton
(green) and the nuclei (blue), with the z-stack cross-section indicating the C. jejuni within the cell. (C) Cross-section of a Z-stack, of a colonic epithelial
cell of a Sigirr2/2 mouse. The internalized C. jejuni (red) are clearly visible within the cytoplasm of the cell, as outlined by the b-actin (green) along the
edge of the cell. (D) Internalized C. jejuni (red) co-localize with LAMP-1 positive (green) vesicles present within epithelial cells of a Sigirr2/2 mouse
colon.
doi:10.1371/journal.ppat.1004264.g004
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mice. As might be expected given the severe colonization defect,

the DflaA mutant did not elicit any significant inflammation or

pathology (Figure 5c). In contrast, despite the DkpsM mutant

suffering delayed colonization, it still caused overt gastroenteritis at

7 DPI that was in fact significantly worse than that seen following

infection with wild-type C. jejuni (Figure 5d). To explore the basis

for this exaggerated pathology, we next examined how the

immune system is stimulated during in vivo C. jejuni infection.

TLR2 and TLR4 are key players in the inflammatory
response to C. jejuni

Previous research has shown that C. jejuni activates several Toll-

like receptors (TLR) including TLR2 and TLR4, and that TLR

activation may play a key role in regulating host inflammatory

responses to C. jejuni [21,28–31]. To confirm that our wild-type C.

jejuni strain (81–176) stimulated these TLRs, we used HEK-TLR2

and HEK-TLR4 reporter cells with a NF-kB/AP-1 inducible

reporter- SEAP to measure stimulation of TLR2 and TLR4 in

vitro. We observed significant stimulation of both receptors by C.

jejuni 81–176, consistent with previously published results by Maue

et al. [31] (Figure 6). To explore the impact that this activation

might play in our infection model, we infected Tlr22/2/Sigirr2/2

and Tlr42/2/Sigirr2/2 mice. Although the Tlr42/2/Sigirr2/2

mice were heavily colonized by C. jejuni, (Figure 7a) they proved

largely unresponsive to the pathogen, exhibiting few if any signs of

the gastroenteritis seen in infected Sigirr2/2 mice (Figure 7b).

Notably, these mice showed little response to infection even at the

gene transcriptional level. While these mice did exhibit signifi-

cantly elevated expression of TNFa and IFNc at 3 DPI, by 7 DPI,

their expression of these, and other pro-inflammatory cytokines

had decreased to levels similar to those in uninfected controls

(Figure 2).

Figure 5. Colonization of WT and Sigirr2/2 mice by DkpsM and DflaA. Colonization of WT and Sigirr2/2 mice by DkpsM (A) and DflaA (B) and
their respective complemented strains (DkpsM+kpsM and DflaA+flaA), at both 3 and 7 DPI. The DkpsM mutant exhibited reduced colonization at
3 DPI only, while the DflaA mutant was unable to colonize at either 3 or 7 DPI. The complemented DflaA+flaA colonized at high numbers, similar to
wild-type. Statistical significance was determined by a Mann-Whitney test, ***p,0.001. n = 7–10 mice for the DkpsM mutant and complement, n = 5–
7 mice for the DflaA mutant and complement. (C) H&E stained histological sections of ceca recovered from WT or Sigirr2/2 mice infected with C. jejuni
DflaA at 6100 magnification. No noticeable inflammation was evident in either WT or Sigirr2/2 mice infected with C. jejuni DflaA. (D) H&E stained
histological sections of ceca recovered from WT or Sigirr2/2 mice infected with C. jejuni DkpsM 7 DPI. Upper panels are 6100 magnification, while
lower panels are 6400 magnification. WT mice did not exhibit signs of inflammation when infected with C. jejuni DkpsM, however Sigirr2/2 mice
exhibited signs of severe inflammation at 7 DPI.
doi:10.1371/journal.ppat.1004264.g005
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Conversely, the Tlr22/2/Sigirr2/2 mice were significantly more

sensitive to C. jejuni infection, even compared to infected Sigirr2/2

mice (Figure 7b and c), suffering exaggerated gastroenteritis by

3 DPI that involved worsened edema, crypt hyperplasia and

inflammatory cell infiltration, including large numbers of neutro-

phils. Moreover, there were frequent signs of ulceration in these

mice, along with loss of crypt structure and overall loss of epithelial

integrity. Pathological scoring of tissues confirmed that the damage

suffered by the Tlr22/2/Sigirr2/2 mice was significantly more

severe than that seen in WT mice, and even more than that of

Sigirr2/2 mice at 3 DPI, though the severity of their inflammation

was reduced by 7 DPI, leaving it similar in severity to that seen in

Sigirr2/2 mice at this time point. Consistent with their severe

pathology, we observed a dramatic induction of inflammatory

cytokine genes within the ceca of Tlr22/2/Sigirr2/2 mice at 3 DPI

(Figure 2). This included significantly elevated levels of IL-1b, IL-

6, IFNc, KC, IL-22, IL17 and TNF-a gene transcripts,

particularly at 3 DPI, although expression of many of these

cytokines dropped by 7 DPI (Figure 2). Interestingly, the

localization of C. jejuni was similar amongst all three SIGIRR-

deficient mouse strains, with the C. jejuni seen in large numbers

deep within cecal and colonic crypts, as well as inside intestinal

epithelial cells (Figure 7c and data not shown). C. jejuni colonization

of crypts in the Tlr22/2/Sigirr2/2 and Tlr42/2/Sigirr2/2 strains

was comparable to the Sigirr2/2 mice, with 41.7% (50/120) and

47.1% (66/140) of observed crypts being positively colonized,

often with high numbers of bacteria in each crypt (Figure 7c). This

indicates that the significant differences in pathology amongst the

three SIGIRR deficient mouse strains were governed by the

stimulation of the TLRs instead of by changes in the localization of

the bacteria. We also assessed Tlr22/2 and Tlr42/2 single mutants

for colonization and inflammation. Once again, pathogen burden

was not affected by the mouse strain so long as it was accompanied

by vancomycin pretreatment (data not shown). Unsurprisingly,

Tlr42/2 were completely unresponsive to the presence of C. jejuni,

exhibiting no inflammation (Figure S6). Tlr22/2 were much less

responsive than Tlr22/2/Sigirr2/2 mice, but did show modest

signs of inflammation by 7 DPI (Figure S6). Together, these results

demonstrate that the majority of the inflammation seen in this

model is driven by TLR4, whereas TLR2 signaling appears to play

a protective role.

TLR2 and TLR4 are activated to a higher degree by
mutant DkpsM C. jejuni

Based on previous data published by Rose et al. [34] and Maue

et al. [31] we expected the capsule to play a role in modulating

TLR responses to C. jejuni. To further explore the impact of TLR

signaling during C. jejuni infection, we tested the effect of the DkpsM

mutant on our TLR2 and TLR4 reporter cell lines. The DkpsM

mutant stimulated both TLR2 and TLR4 to a significantly higher

degree than the wild-type 81–176 strain with the complemented

DkpsM+kpsM strain completely or nearly completely rescuing the

mutant phenotype (Figure 6). To test whether these results

translated to increased inflammation in vivo, we infected our

different mouse strains with this mutant. As shown in Figure 8a,

the DkpsM mutant elicited a very significant inflammatory

response in the Sigirr2/2 mice by 7 DPI. Moreover, it also caused

exaggerated inflammation and pathology in Tlr22/2/Sigirr2/2

Figure 6. TLR2 and 4 reporter assays. HEK-Blue hTLR2 (A) and HEK-Blue hTLR4 (B) reporter cell lines were exposed for 4 hrs to either live and
heat-killed wildtype C. jejuni 81–176, DkpsM or DkpsM+kpsM. The wild-type C. jejuni stimulates both TLR2 and TLR4 in a dose-dependent fashion. The
DkpsM mutant significantly increased the signaling by both TLR2 and TLR4, as indicated by the assay, with the increase in stimulation also being in a
dose-dependent manner, except for the TLR4 assay where the readers were near the maximum for both the 20 and 200 MOI readings. The
complemented DkpsM+kpsM strain completely restored the wild-type phenotype with TLR2 and mostly restored the phenotype with TLR4. Values
represent the mean of three independent experiments and statistical significance was determined by a two-way ANOVA with a Bonferroni post-test.
(* p,0.05, ** p,0.01, *** p,0.001, **** p,0.0001).
doi:10.1371/journal.ppat.1004264.g006
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Figure 7. Pathology of Tlr22/2/Sigirr2/2 and Tlr42/2/Sigirr2/2 mice infected with C. jejuni. (A) High numbers (,109 CFUs/g) of C. jejuni were
recovered from the ceca of infected Tlr22/2/Sigirr2/2 and Tlr42/2/Sigirr2/2 mice that were pre-treated with 5 mg/ml of vancomycin. No statistically
significant differences in numbers were found between WT, Sigirr2/2, Tlr22/2/Sigirr2/2 and Tlr42/2/Sigirr2/2 mice as indicated by t-test, p.0.05.
n = 7–9 mice per condition. (B) H&E stained histological sections of ceca recovered from Tlr22/2/Sigirr2/2 and Tlr42/2/Sigirr2/2 mice 3 or 7 DPI. Panels
on the left are6100 magnification, while the right panels are6400 magnification. Very severe inflammation is apparent in the Tlr22/2/Sigirr2/2 mice
both 3 and 7 DPI. Few signs of inflammation are evident in the Tlr42/2/Sigirr2/2 mice 3 DPI, and no signs of inflammation are apparent 7 DPI. (C)
Immunofluorescence staining of formalin-fixed tissue sections of ceca obtained from C. jejuni-infected Tlr22/2/Sigirr2/2 and Tlr42/2/Sigirr2/2 mice
3 DPI at 6200 magnification. Sections are stained for DAPI (blue), b-actin (green), and C. jejuni (red). C. jejuni is clearly visible in the crypts of the
Tlr42/2/Sigirr2/2 mice, but with few signs of inflammation. The Tlr22/2/Sigirr2/2 mice lose much of their crypt structure, due to epithelial cell loss and
immune cell infiltration, however, C. jejuni is still clearly visible intermixed with immune cells in what remains of the cecal crypts.
doi:10.1371/journal.ppat.1004264.g007
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mice as compared to the effects of wild-type C. jejuni, yet once

again there was little response in the Tlr42/2/Sigirr2/2 mice

(Figure 8a). The localization of the DkpsM mutant in vivo was

similar to that of wild-type C. jejuni, as it was frequently found in

direct contact with the epithelium and deep within crypts

(Figure 8b). These results were confirmed when cytokine transcript

levels were assessed (Figure S7) Together, these data support

previously published in vitro results [31,34], and for the first time

demonstrates that the C. jejuni capsule limits the host innate

responses to this pathogen during the course of infection.

Discussion

A lack of animal models, and in particular mouse models that

replicate the gastroenteritis caused by C. jejuni infection in humans,

has long been an impediment to the study of C. jejuni pathogenesis.

Moreover, improved preclinical models of C. jejuni infection are a

necessity to better define those host factors that protect against this

pathogen. Here we demonstrate that the antibiotic vancomycin

facilitates C. jejuni’s colonization of the mouse intestine, presumably

through the removal of commensal microbes that promote

resistance against C. jejuni colonization. Moreover, our studies

validate the use of vancomycin pretreated Sigirr2/2 mice as a

model for C. jejuni infection and pathogenesis, as these mice

develop acute gastroenteritis following infection. We were able to

define the role of innate signaling in this model through the testing

of Tlr22/2/Sigirr2/2 and Tlr42/2/Sigirr2/2 mice as well as clarify

specific aspects of C. jejuni pathogenesis through the testing of

mutant strains. Taken together, we demonstrate that by modu-

lating the gut microbiota as well as the innate sensitivity of the

murine intestine, we have been able to develop a reliable and

exciting new animal model of C. jejuni infection.

WT mice, including the C57BL/6 strain used in this study, have

in the past proven resistant to infection by C. jejuni, limiting their

utility as an infection model [17,35]. This limitation in the ability

to colonize mice has been linked to the intestinal microbiota, and

its ability to out-compete invading C. jejuni. Previous studies have

explored how to overcome this barrier by using mice with a

‘‘humanized’’ microbiota [17], as well as germ-free mice and mice

carrying a limited microflora [19,21,46]. In the current study, we

used an approach successfully employed with other bacterial

pathogens [37], using a single pre-treatment of the antibiotic

Figure 8. Colonization and pathology of Sigirr2/2 and TLR-deficient mice by C. jejuni DkpsM in vivo. (A) H&E stained histological sections
of ceca recovered from Sigirr2/2, Tlr22/2/Sigirr2/2 and Tlr42/2/Sigirr2/2 mice, colonized with C. jejuni DkpsM 7 DPI, at 1006 magnification. Very
severe inflammation is evident in the Sigirr2/2 and Tlr22/2/Sigirr2/2 mice, however once again, no significant pathology was evident in the Tlr42/2/
Sigirr2/2 mice. (B) Immunofluorescence of Sigirr2/2 mice infected by C. jejuni DkpsM, 7 DPI. Sections are stained for DAPI (blue), b-actin (green), and C.
jejuni (red). Sigirr2/2 mice exhibit significant neutrophil infiltration, hyperplasia, and C. jejuni DkpsM is clearly visible in large masses within the cecal
crypts. (C) Pathological scoring was done by two blinded observers, using H&E stained, formalin-fixed cecal tissue sections. Each condition represents
a minimum of three separate experimental replicates, with 2–3 mice per experiment. Control mice were used as a reference and consisted of 3
uninfected mice, pre-treated with a single dose of 5 mg/100 ml vancomycin, and euthanized 3 days post-treatment. Only Sigirr2/2 and Tlr22/2/
Sigirr2/2 mice at 7 DPI showed a significant increase in pathology (****p,0.0001), relative to the uninfected Sigirr2/2 control. The Tlr22/2/Sigirr2/2

mice also exhibited statistically significantly higher inflammation at 7 DPI relative to Sigirr2/2 mice also at 7 DPI (**p,0.001). In contrast, none of the
mouse strains at 3 DPI showed any statistically significant increase in pathology, relative to control mice. Statistical significance was determined using
a two-way ANOVA and a Bonferroni post-test.
doi:10.1371/journal.ppat.1004264.g008
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vancomycin to disturb the murine microbiota sufficiently to allow

C. jejuni to establish in the intestine. This colonization was,

however, insufficient to produce an effective model of inflamma-

tion, as the colonized mice remained highly tolerant to the

presence of C. jejuni, displaying few if any signs of inflammation,

even in the presence of a high pathogen load.

Our previous studies identified Sigirr2/2 mice as displaying

increased susceptibility to infection by the natural mouse

pathogens S. Typhimurium and C. rodentium in terms of both the

severity of disease as well as pathogen burden [25]. Normally

highly expressed by the intestinal epithelium, SIGIRR acts to

dampen signaling through MyD88-dependent receptors such as

most TLRs as well as IL-1R [26]. Thus SIGIRR expression is

thought to help maintain the relative innate hypo-responsiveness

of the intestinal epithelium. While the absence of SIGIRR does

not lead to spontaneous intestinal inflammation, it does leave the

epithelium more sensitive to microbial stimulation through TLRs.

Previous studies identified TLR2 and TLR4 as being stimulated

by C. jejuni in vitro [31,34] and our study confirmed these two TLRs

actively respond to C. jejuni. Moreover, TLR4 has been identified

as being a major driver of inflammation in C. jejuni-infected IL-

102/2 mice [21] and the present study found the gastroenteritis

seen in infected Sigirr2/2 mice is almost completely TLR4

dependent. In contrast, TLR2 signaling was found to protect the

intestine from exaggerated injury, potentially by promoting

responses in the epithelium that limit the damage caused by the

TLR4 driven inflammation.

Taken together, there are several advantages to the use of the

Sigirr2/2 mouse over other models of C. jejuni infection. While C.

jejuni readily colonizes the intestines of newborn chickens, it only

does so in a commensal fashion, thus providing little insight into its

pathogenesis or how it triggers gastroenteritis. While neonatal

piglet and ferret models have been used successfully as models for

infection [15,16], both have significant limitations as these animals

are difficult to acquire as well as handle, and there are few

immunological or genetic tools available for these species. To

circumvent these issues, mice remain one of the preferred animal

species for use in research, but their resistance to C. jejuni

colonization and disease has limited their utility in the field. The

most successful mouse model of C. jejuni infection to date has been

the Il-102/2 mouse, which has several features in its favor,

including a very strong and reproducible inflammatory response

[20,21,46]. However, it also suffers from several complications,

notably the propensity of the Il-102/2 mice to develop sponta-

neous colitis as a reaction against their own microbiota [47],

forcing researchers to use more inconvenient and costly germ-free

conditions [21,46]. Additionally, IL-10 has been shown to be a key

cytokine in the resolution for inflammation following infection,

meaning that C. jejuni infection in IL-102/2 mice is ultimately

chronic and lethal to the mice, as opposed to the acute, self-

limiting infection observed in humans.

Our use of Sigirr2/2 mice addresses most of these issues. When

orally inoculated with a relatively low dose of C. jejuni, the

vancomycin pre-treatment allowed for reliable colonization, while

only causing a temporary disruption in the microbiota. Although

our previous research has identified a higher inflammatory ‘‘tone’’

in the Sigirr2/2 mice, characterized by slightly higher expression of

several pro-inflammatory cytokines [25], the Sigirr2/2 mice

themselves do not develop spontaneous colitis in response to their

own microbiota as often occurs in IL-102/2 mice. When infected

with C. jejuni they developed only an acute gastroenteritis, in

keeping with the clinical effects of C. jejuni infection. Moreover, the

gastroenteritis bears several hallmarks of C. jejuni infection,

including prominent neutrophil infiltration into the infected tissues

and lumen. Our assessment of Tlr42/2/Sigirr2/2 mice determined

that the vast majority of the inflammation seen in this model is

TLR4 dependent, which is in agreement with previous observa-

tions in gnotobiotic IL-102/2 mice [21].

In contrast to the modest responses seen in infected Tlr42/2/

Sigirr2/2 mice, when we infected Tlr22/2/Sigirr2/2 mice, we

observed a significantly exaggerated and accelerated form of

gastroenteritis, especially at the early stages of infection (3 DPI).

Correspondingly, these mice suffered increased pathology, includ-

ing widespread loss of epithelial integrity, loss of crypt structure

and frequent ulceration. This was accompanied by substantially

increased pro-inflammatory cytokine expression. The most severe

pathology was apparent at 3 DPI, with both cytokine expression

and pathology dropping substantially by 7 DPI to the point

where it was no longer significantly more severe than that seen in

Sigirr2/2 mice. These findings are intriguing as they suggest that

TLR2 plays a protective role, at least during the early stages of C.

jejuni infection. Previous studies have identified roles for TLR2 in

the maintenance of epithelial tight junctions in the intestine, for

example by increasing the production of Trefoil Factor 3 [48],

along with other barrier protective proteins [49,50]. As recently

described by our laboratory, innate inflammatory responses in the

GI tract appear to reflect a tenuous balance between damaging

inflammatory signals and concurrent protective or tolerance

inducing innate responses that limit the resulting tissue damage.

It appears this is also the case during C. jejuni infection, with TLR2

playing a key role in limiting damage suffered by the host as its

immune system tries to clear C. jejuni from the intestine [51].

Aside from exploring the host response to infection, an optimal

C. jejuni infection model must be able to distinguish subtle aspects

of C. jejuni pathogenicity. To address this issue, we infected our

Sigirr2/2 mice with C. jejuni strains lacking the ability to form a

capsule, as well as a flagellar mutant. Regarding the DflaA flagellar

mutant, previous studies have found C. jejuni mutants that are non-

motile or suffer reduced motility are unable to effectively colonize

the intestines of chicks [45], piglets [15], or wildtype mice [52,53].

We therefore expected the DflaA strain to be impaired in

colonization, and indeed, the DflaA mutant was unable to colonize

the Sigirr2/2 mice or cause any level of gastroenteritis. Precisely

why this mutant was unable to colonize is an interesting question.

We predominantly observe C. jejuni colonization in the mucus layer

and into the crypts. Both leaving the lumen of the intestine and

migration through the mucus layer would presumably require fully

motile bacteria. It would appear that the inability of C. jejuni with

reduced motility to reach and move through these niches results in

a loss of colonization potential, even in mice with reduced

microbiota competition.

In the case of the DkpsM mutant, it exhibited a delay in

colonization as assessed at 3 DPI, but by 7 DPI, its pathogen load

had increased to levels similar to WT C. jejuni. This could indicate

a greater sensitivity of this mutant to the innate defenses in the gut.

Previous work has already linked the loss of capsule to increased

sensitivity to environmental factors such as osmotic stress [54], as

well as antimicrobial factors [55]. However, the reduced

colonization of DkpsM was transient, as the mutant quickly

recovered to WT levels. Despite this initial delay, the DkpsM strain

was able to elicit significantly more severe gastroenteritis than that

seen with the wild-type C. jejuni. When we tested the DkpsM mutant

in our in vitro reporter system, we found it stimulated both TLR2

and TLR4 to a significantly higher degree than that seen with WT

C. jejuni. This result is consistent with previous findings [31,34],

suggesting a role for the capsule in reducing the exposure of

pathogenic bacteria to the host’s immune system by masking some

of the TLR activating PAMPs. For example, Rose et al.
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determined that the presence of a capsule reduces cytokine

expression by dendritic cells exposed to C. jejuni in vitro [34], and a

similar observation was made by Maue et al. in an epithelial

reporter cell line [31]. Here, for the first time in vivo, we

demonstrate that the capsule does help conceal C. jejuni from the

host’s immune system, potentially as a means to limit host driven

defenses as well as perhaps limit collateral tissue damage to the

host.

One of the most intriguing findings from our study involved the

localization of C. jejuni in the intestines of the Sigirr2/2 mice. In

WT mice, C. jejuni were found predominantly in the lumen, along

with a clustering at the luminal surface of the mucus layer.

Notably, relatively few C. jejuni were found in direct contact with

the cecal or colonic epithelium, and few were seen penetrating the

crypts. In contrast, in the Sigirr2/2 mice we found large numbers

of C. jejuni, not only within this mucus layer, but also penetrating

and accumulating in large numbers at the base of the intestinal

crypts. Similar observations were made in infected Tlr22/2/

Sigirr2/2 mice, although in these mice, the exaggerated damage

they suffered often left C. jejuni mixed within sloughed epithelial

cells as well as phagocytosed inside neutrophils at sites of

ulceration. This phenotype of crypt colonization was not restricted

to mice developing severe inflammation, since Tlr42/2/Sigirr2/2

mice also displayed large numbers of bacteria within their cecal

crypts. Thus the factor within Sigirr2/2 mice that permits C. jejuni

to colonize the crypts is not a result of overt inflammation, in

contrast to recent studies of S. Typhimurium colonization of the

murine intestine [56], but may be due instead to more subtle

differences in the microenvironment of the crypts.

Aside from penetrating intestinal crypts, we also determined

that C. jejuni could invade the intestinal epithelial cells of our

Sigirr2/2 mice. Intracellular C. jejuni were observed in both the

cecum and colon of infected mice, and were usually seen in the

more mature epithelial cells, at the top of crypts rather than at

their base. Co-staining with b-actin or cytokeratin 19 confirmed

that the C. jejuni were inside epithelial cells, while staining for

LAMP-1 localized the internalized bacteria within LAMP-1

positive vesicles. Interestingly, the presence of intracellular C.

jejuni did not on its own drive significant inflammation as

internalized bacteria were also found in infected Tlr42/2/

Sigirr2/2 mice, which exhibited no significant signs of inflamma-

tion. This indicates that intracellular C. jejuni can exist without causing

overt inflammation or pathology; however, it remains possible that

this cellular invasion can play a triggering role for the overt

inflammation seen in infected Sigirr2/2 and Tlr22/2/Sigirr2/2 mice.

Together, these studies provide new insight into the pathoge-

nicity of C. jejuni, and how colonization by this microbe triggers an

inflammatory reaction by its host. In conventional WT mice, the

commensal microbiota provide colonization resistance against C.

jejuni by outcompeting the invading pathogen. Through vanco-

mycin treatment, we were able to readily disrupt this protection,

but the WT mice remained substantially tolerant to the presence

of C. jejuni, resulting in almost no inflammatory response. In

contrast, in the absence of SIGIRR, the murine immune system

proved dramatically more responsive to C. jejuni, potentially by

increasing the sensitivity of epithelial expressed TLRs. Overall, the

degree of inflammation that developed in the infected intestines of

the Sigirr2/2 mice appeared to correlate with the invasion by C.

jejuni of the intestinal crypts, and appeared almost totally

dependent on the actions of TLR4. In conclusion, we present

the Sigirr2/2 mouse as an effective and exciting new model for the

study of C. jejuni infection and pathogenesis. We speculate that our

demonstration that Sigirr2/2 mice can indeed be infected in a

relevant fashion by C. jejuni will provide an impetus for further

study, to better elucidate both the host factors and pathogenesis

that drive gastroenteritis.

Methods

Bacterial strains and growing conditions
The wild-type C. jejuni strain used in this study is the commonly

used 81–176 lab strain and all mutant and complemented strains

were constructed on this background. The bacteria were routinely

grown on Mueller-Hinton agar plates or broth, supplemented with

the selective antibiotics Chloramphenicol and/or Kanamycin as

required. Additionally, during mutant and complement construc-

tion, plates and broth were routinely supplemented with vanco-

mycin (10 mg/mL) and trimethoprim (5 mg/mL) to prevent

contamination. Cultures were routinely grown under microaero-

philic conditions using anaerojars and CampyGen sachets (Oxoid)

at 42uC.

C. jejuni mutant and complement construction
To construct deletion mutants in the genes flaA and kpsM, each

gene was PCR amplified with iProof (Bio-Rad) from C. jejuni 81–

176 with the appropriate primers listed in Table S1. The product

was polyA tailed and ligated to pGEM-T (Promega). Inverse PCR

was performed on the resulting plasmid, deleting 1248 bp or

514 bp from the flaA or kpsM genes respectively. The flaA and

kpsM inverse PCR products were digested with KpnI and SpeI, or

KpnI and XbaI respectively, then ligated to the non-polar

kanamycin resistance cassette (aphA-3) digested out of pUC18K-

2 [57]. The construct was verified by sequencing and naturally

transformed to C. jejuni 81–176. Mutant strains were selected by

kanamycin resistance, and verified by sequencing.

To complement each of these mutants, flaA or kpsM was PCR

amplified from C. jejuni 81–176 genomic DNA, digested with SpeI

and MfeI, or XbaI and MfeI respectively, and inserted into pRRC

[58] digested with XbaI and MfeI. The resulting construct was

verified by PCR and sequencing, and naturally transformed into

the corresponding mutant. Complemented strains were selected

on chloramphenicol and verified by PCR and sequencing.

Additional confirmation of the phenotypes of both mutant and

complemented strains were undertaken to ensure they corre-

sponded to previously published data for these mutants. The DflaA

mutant and complement were tested for motility, indicating the

mutant was only approximately 25% as motile as the WT or

complemented strain [59]. The DkpsM mutant was tested for NaCl

sensitivity [54] and hyper-biofilm formation [60], and the

complement was confirmed to restore the wild-type phenotype

for both. In vitro growth curves to confirm equal growth potential

between both DflaA and DkpsM mutant and complemented strains

were conducted in MH broth, at 37uC under microaerophilic

conditions with samples taken at 6, 24, and 48 hours post

inoculation.

Mouse strains and infection experiments
The C57BL/6 (WT), Sigirr2/2, Tlr22/2, Tlr22/2/Sigirr2/2,

Tlr42/2, and Tlr42/2/Sigirr2/2 mouse strains used in this study

were all bred in-house and kept under specific pathogen-free

conditions at the Child and Family Research Institute (CFRI). The

combined TLR and SIGIRR deficient mice were created by cross

breeding single knockout strains as described previously [25]. Mice

at 6–10 weeks of age were orally gavaged with 100 ml of a 50 mg/

ml vancomycin solution suspended in PBS (dose per mouse of

,5 mg). Four hours later, each mouse was inoculated with an

overnight culture of ,107 CFUs of C. jejuni 81–176 or one of the

above mentioned mutant strains. The weight of each mouse was

Campylobacter jejuni Infection in SIGIRR-Deficient Mice

PLOS Pathogens | www.plospathogens.org 12 July 2014 | Volume 10 | Issue 7 | e1004264



recorded before antibiotic treatment and inoculation, and each

mouse was weighed again every two days to check for weight loss/

gain. Fecal samples were collected 1, 3, 5 and 7 DPI, were

weighed, homogenized, serially diluted and plated onto Campylo-

bacter agar plates containing Karmali selective supplements

(Oxoid). Three and seven days post infection, mice were

anaesthetized with isofluorane and euthanized by cervical

dislocation. The mice were immediately dissected and their ileum,

cecum, colon, mesenteric lymph nodes and spleen were isolated.

Cecal and proximal colonic tissues were fixed in 10% neutral

buffered formalin (Fisher). Cecal tissues were also washed to

remove luminal contents and then suspended in RNAlater

(Qiagen) for subsequent RNA extraction. The remainder of the

cecum (including luminal contents), and other isolated tissue

sections were suspended in 1 ml sterile PBS (pH 7.4) for viable cell

counts. Tissue samples were homogenized, serially diluted and

plated onto Campylobacter agar plates containing Karmali selective

supplements (Oxoid). Following 48 hours incubation, at 42uC
under microaerobic conditions colonies were enumerated, and the

pathogen burden (CFUs/g of tissue) was calculated. Statistically

significant differences were determined using a non-parametric

Mann-Whitney test, with a p value below 0.05 used as the

threshold for significance.

To monitor colonization of C. jejuni over a 25 day timeframe,

three experimental groups comprising 13 WT and 15 Sigirr2/2

mice total were inoculated with C. jejuni 81–176. Weights and fecal

samples were taken every two days from 1 DPI to 25 DPI. CFUs

present within the fecal samples were enumerated as described

above and statistical significance was determined using multiple t-

tests (p,0.05).

Ethics statement
All animal experiments were performed according to protocol

number A11-290, approved by the University of British Colum-

bia’s Animal Care Committee and in direct accordance with the

Canadian Council of Animal Care (CCAC) guidelines. Mice were

monitored for mortality and morbidity throughout their infection

and euthanized if they showed signs of extreme distress or more

than 15% body weight loss.

Histology, pathological scoring and immunofluorescent
staining

Tissues previously fixed in 10% formalin were paraffin

embedded and cut for further histological analysis. The paraffin

embedded tissue sections were stained with haematoxylin and

eosin, and then photographed, and then used for pathological

scoring. The scoring was done by two blinded observers according

to previously established criteria [25]. Each tissue section was

assessed for: (1) submucosal edema (0-no change, 1- mild, 2-

moderate, 3- severe), (2) crypt hyperplasia (0-no change, 1: 1–50%,

2: 51–100%, 3: .100%), (3) goblet cell depletion (0-no change, 1-

mild depletion, 2-severe depletion, 3-absence of goblet cells), (4)

epithelial integrity (0-no pathological changes detectable, 1-

epithelial desquamation (few cells sloughed, surface rippled, 2-

erosion of epithelial surface (epithelial surface rippled, damaged),

3-epithelial surface severely disrupted/damaged, large amounts of

cell sloughing, 4-ulceration (with an additional score of 1 added for

each 25% fraction of tissue in the cross-section affected up to a

maximum score of 8 (4+4) for a tissue section that had entirely lost

its crypt structure due to epithelial cell loss and immune cell

infiltration, (5) mucosal mononuclear cell infiltration (per 4006
magnification field) (0-no change, 1- ,20, 2- 20 to 50, 3- .50

cells/field), (6) submucosal PMN and mononuclear cell infiltration

(per 4006magnification field) (1- ,5, 2- 21 to 60, 3- 61 to 100, 4-

.100 cells/field). A maximum score under this scale is 24.

Statistical significance (p,0.05) was determined using a two-way

ANOVA, with a Bonferroni post-test.

The paraffin embedded, formalin-fixed tissue sections were also

used for immunofluorescent staining using variations on estab-

lished protocols [25,61]. Briefly, tissue sections were deparaffinized

by heating for 8 minutes, clearing with xylene, rehydrating with

100%, 95%, and 70% ethanol, followed by dH2O. Antigen

retrieval of the tissue sections was conducted with sodium citrate

buffer (pH 6.0), in a steam bath for 30 minutes. Blocking was done

with an endogenous Biotin-blocking kit (Molecular Probes)

following manufacturer protocols, followed by 1 hour blocking

with donkey serum blocking buffer (donkey serum in PBS

containing 1% bovine serum albumin (BSA), 0.1% Triton-X100,

0.05% Tween 20, and 0.05% sodium azide). The primary

antibodies used were for Actin (goat polyclonal, Santa Cruz

Biotechnology), Cytokeratin 19 (goat polyclonal, Santa Cruz

Biotechnology), and Campylobacter jejuni (Biotin-rabbit polyclonal,

Abcam). Each was visualized using Alexa Fluor 488-conjugated

donkey anti-goat IgG (Invitrogen) or Alexa Fluor 568-conjugated

streptavidin (Molecular Probes). The tissues were mounted using

ProLong Gold antifade reagent containing DAPI (Invitrogen). The

stained slides were viewed using a Zeiss AxioImager Z1,

photographed using an AxioCam HRm camera with AxioVision

software. Confocal imaging was conducted with a Leica TCS SP5

system, using the Leica Application suite software.

Slides stained for C. jejuni and DAPI were used to assess crypt

colonization. We used slides of formalin fixed, 7 day infected cecal

tissues from WT, Sigirr2/2, Tlr22/2/Sigirr2/2, and Tlr42/2/

Sigirr2/2 mice to count the number of crypts containing visible

numbers of C. jejuni. In total, 264, 146, 140, and 120 crypts were

counted for each mouse strain respectively, from three slides each,

each of which contained at least three tissue sections.

RNA extraction and quantitative real-time PCR
Tissue samples previously isolated from infected or control mice

were preserved in RNAlater at 220uC for later use. RNA was

extracted using a Qiagen RNeasy kit (Qiagen) according to the

manufacturer’s protocol. The final RNA samples were eluted from

the columns in sterile, RNAse free dH2O and quantified using an

ND-1000 spectrophotometer (Nanodrop). cDNA was synthesized

from the RNA using an Omniscripts RT kit (Qiagen) and Oligo-

dT (Applied Biological Material Inc.). Quantitative real-time PCR

was carried out using an MJ mini-opticon Real-Time PCR system

(Bio-Rad) using IQ SYBR Green Supermix (Bio-Rad). The

primers used have been described previously [25] and are listed

in Table S1. Quantification of the qPCR results was performed

using Gene Ex Macro OM 3.0 software (Bio-Rad) and ANOVAs

were used to determined statistical significance of the results.

HEK TLR reporter cell assays
HEK TLR reporter cell lines, HEK-Blue hTLR2 and HEK-

Blue hTLR4, were purchased from InvivoGen (San Diego, CA,

USA). HEK-Blue hTLR2 were obtained by co-transfection of

hTLR2 and hCD14 co-receptor genes into HEK 293 cells, while

HEK-Blue hTLR4 were obtained by co-transfection of hTLR4

and hMD-2/CD14 co-receptor genes. The cells were transfected

with the secreted embryonic alkaline phosphatase (SEAP) gene

and stably express SEAP under the control of a promoter

inducible by NF-kB and activator protein 1 (AP-1). Thus,

stimulation of hTLR2 or hTLR4 will lead to the production of

extracellular SEAP in the culture medium proportional to the level

of NF-kB/AP-1 activation. Cells were grown in High Glucose

DMEM (HyClone, Logan, UT, USA) with 2 mM L-glutamine,
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10% heat-inactivated FBS (HyClone), 100 mg/ml Normocin

(InvivoGen) and selective antibiotics (16HEK-Blue selection,

InvivoGen) according to the manufacturer’s instructions.

The activation of TLR2 or TLR4 was assessed by measuring

the SEAP activity using QUANTI-Blue (InvivoGen) colorimetric

assay. The reporter cells (56104/well) were seeded in a 96-well

plate (BD Bioscience, Mississauga, ON, Canada). The next day,

cells were treated with fresh media (without selective antibiotics)

containing wild type, DkpsM, or DkpsM+kpsM C. jejuni strains for

4 h. Cells treated with culture medium only, TLR2 ligand

Pam3CSK4 (100 ng/mL, InvivoGen) and TLR4 ligand lipo-

polysaccharide (LPS, Escherichia coli K-12, 100 ng/mL, In-

vivoGen) serve as the negative and positive controls, respective-

ly. For each experiment, all conditions were done in triplicate.

After 4 h incubation, culture media were collected and

centrifuged to remove bacteria. The supernatants (20 ml) were

then incubated with QUANTI-Blue solution (180 ml) in a 96-

well flat-bottom plate at 37uC for 16–18 h to allow the color

development. The color change of the substrate solution

corresponds to the activation of NF-kB/AP-1, which can be

quantified by optical density (l= 655 nm) measurement using a

SpectraMax 384 Plus plate reader (Molecular Devices, Sunny-

vale, CA, USA).

Supporting Information

Figure S1 Colonization of WT and Sigirr2/2 mouse
ileum, colon and systemic sites by C. jejuni 81–176, 3
and 7 DPI. CFUs/g of C. jejuni 81–176 recovered from the ileum

(A), colon (B), Mesenteric lymph nodes (MLN) (C), Spleen (D, fecal

samples (E and F) and of infected mice. Relatively low and

inconsistent numbers were recovered from the ileum of infected

mice, while numbers comparable to the cecum were recovered

from the colons. No significant difference was detected between

WT and Sigirr2/2 mice. n = 10 or 11 WT mice, and 12 or 13

Sigirr2/2 mice for 3 and 7 DPI respectively.

(TIF)

Figure S2 Relative bacterial composition, before and
after vancomycin treatment. Bacterial composition of mouse

fecal samples taken before and after vancomycin treatment, and

uninfected and infected with C. jejuni 81–176, as measured by

qRT-PCR. Primers were specific to the major phyla Bacteroidetes

and Firmicutes, as well as all Eubacteria, and the % of Bacteroidetes or

Firmicutes was calculated relative to the total Eubacteria for each

sample. The ratio of Bacteroidetes to Firmicutes shifted dramatically

following vancomycin treatment (.40% to ,1%), with the

Bacteroidetes being reduced from the dominant phylum, to barely

measurable quantities. However, no significant differences were

noted between WT and Sigirr2/2 mice under uninfected

conditions or following infection with C. jejuni 81–176.

(TIF)

Figure S3 Four week C. jejuni infection of WT and
Sigirr2/2 mice. (A) CFUs of C. jejuni 81–176 recovered from

the fecal samples of WT and Sigirr2/2 mice over a period of 25

days, with fecal sampling taking place every two days from 1 DPI

to 25 DPI. The experiment was repeated 3 times, for a total of 13

WT mice and 15 Sigirr2/2 mice. The data displayed here is a

representative experiment of the three, showing data from 4 WT

and 8 Sigirr2/2 mice. Slight differences between the clearance time

between experiments led to higher variability at later time points

between experiments, but results were consistent within each

experiment. Colonization peaks at 7–9 DPI, then CFUs recovered

from all the Sigirr2/2 mice rapidly decline, with roughly half the

Sigirr2/2 mice clearing the infection by 23 DPI. WT mice did not

exhibit any drop in pathogen burden by 25 DPI. A statistically

significant difference between CFUs recovered from WT and

Sigirr2/2 mice (p,0.05) was measured between 13 and 25 DPI as

determined by multiple t-tests. (B) The % change in mouse weight

relative to their weight pre-inoculum over 25 days. No significant

difference was found between WT and Sigirr2/2 mice (p.0.05).

n = 13 WT, 15 Sigirr2/2 mice.

(TIF)

Figure S4 Macroscopic images of mouse intestines
infected by C. jejuni. Images of the ceca and colons of mice

colonized by C. jejuni 81–176, 3 DPI. The WT mouse did not show

any outward signs of inflammation and was largely indistinguish-

able from that of an uninfected mouse. The infected Sigirr2/2

mice show an enlargement of the mesenteric lymph nodes

adjacent to the cecum and signs of inflammation around the

cecum and proximal colon, but no signs of infection into the distal

colon, or ileum. The Tlr22/2/Sigirr2/2 mice show a shrinkage of

the cecum and colon, with no luminal content apparent. The

mesenteric lymph nodes are enlarged, but the ileum still shows no

outward signs of inflammation. The Tlr42/2/Sigirr2/2 mice show

few signs of inflammation, but the cecum is often slightly enlarged,

with more fluid contents.

(TIF)

Figure S5 Mutant C. jejuni growth and colonization. (A)

Colonization of WT, Tlr22/2/Sigirr2/2, and Tlr42/2/Sigirr2/2

by C. jejuni DkpsM. Results show that the pathogen burden of this

mutant peaks at 7 DPI. Results are not substantially different than

those observed in infected Sigirr2/2 mice. n = 4 per condition. (B)

In vitro growth by WT C. jejuni 81–176, DflaA, DflaA+flaA, DkpsM

and DkpsM+kpsM in MH broth. No difference in growth was

observed at 6, 24, or 48 hours growth as determined by multiple t-

tests, p.0.05.

(TIF)

Figure S6 Histology of TLR single knockouts. H&E

staining of formalin-fixed, paraffin-embedded cecal tissues of

Tlr22/2 and Tlr42/2 mice 3 and 7 DPI. Neither mouse strain

developed significant pathology 3 DPI, despite colonization

comparable to their SIGIRR double knockout counterpart. At

7 DPI, the Tlr42/2 mice continued to show no pathology, while

the Tlr22/2 mice did start to show signs of pathology, similar to

their Tlr22/2/Sigirr2/2 counterpart.

(TIF)

Figure S7 Cytokine expression in mice infected with C.
jejuni DkpsM. (A–H) qRT-PCR conducted on RNA extracted

from the ceca of control or mice infected with C. jejuni DkpsM.

Controls are the pooled results of 3, vancomycin pre-treated, but

uninfected mice, euthanized 3 days post-treatment. All infected

mice represent the average results of 2 independent experiments,

each of which include the pooled RNA of 3–5 mice, euthanized

either 3 or 7 DPI. Few mice exhibited elevated cytokine

expression 3 DPI, however, expression was significantly higher

in Sigirr2/2 and Tlr22/2/Sigirr2/2 mice 7 DPI. Statistical

significance was determined using a One way ANOVA with a

Bonferroni post-test. * p,0.05 relative to WT (B6) or Sigirr2/2

uninfected control mice. ** p,0.05 relative to the infected WT

(B6) mice euthanized on the same DPI in addition to the

uninfected control mice.

(TIF)

Table S1 Primers used in this study were developed for
this study or derived from previously published studies.
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16S rRNA primers designed by 1 Primer developed by Layton et

al. 2006 [62], 2 Guo et al. 2008 [63], and 3 Fierer et al. 2005 [64].

(DOC)
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The bacterial surface contains various struc-
tures that are capable of activating the host
defences and consequently inducing host immune
responses. Bacterial capsules are one of the most
external structures on the bacterial surface,
which may completely surround all the antigenic
molecules or may be coexpressed with other bac-
terial antigens. They are involved in a wide range
of biological processes, such as prevention of des-
iccation, adherence and resistance to nonspecific
and specific host immunity.
Gram-negative and Gram-positive capsular
polysaccharides contribute to the bacterial resis-
tance of host immune responses by different
mechanisms. Usually, capsular polysaccharides
that mask the underlying cell surface structures
activate weakly or not at all the immune system,
whereas bacterial capsules coexpressed with other
bacterial antigens activate the immune system but
mask opsonines and prevent complement attack
complex formation, as well as phagocytosis.

Introduction
Pathogenic bacteria have developed different strategies to avoid
host defences, and most of these strategies are found in the com-
position, structure and accessibility of bacterial surface compo-
nents. When a microorganism has overcome the surface defences
and the epithelial surface of the host has been penetrated, the host
responds to its presence by invoking mechanisms to eliminate the
invader. The host can activate two different routes to develop an
immune response: a nonspecificmechanism against any pathogen
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or a specific mechanism against the particular microorganism.
These mechanisms can be humoral, cellular or a combination of
both. See also: Immunity to Infection; Innate Immune Mech-
anisms: Nonself Recognition
The existence of successful infectious agents indicates that host

defences do not constitute an impenetrable barrier to microor-
ganisms: pathogenic bacteria have developed various strategies to
avoid nonspecific and sometimes specific host defences. Most of
these strategies are associated with particular surface structures,
as capsules, glycoproteins or glycolipids. See also: Immune
Defence: Microbial Interference
The bacterial capsules are extracellular structures made up of

long polysaccharide chains, usually negatively charged, that sur-
round the cell. They are widely distributed in Gram-negative and
Gram-positive pathogens and they are frequently the first bacte-
rial structure encountered by the immune system upon infection.
Structural features of capsular polysaccharides, such as varia-
tions in repeating units composition, ring forms, glycosidic link-
age position, anomeric-center configurations and conformations,
contribute to differences in immune response to these polysaccha-
rides and also in their protection efficiency against phagocytosis
and nonspecific humoral immune defence.

Composition of Bacterial Capsules
Capsules are important virulence determinants on the cell sur-
face of many Gram-negative and Gram-positive bacteria. They
mediate a wide range of biological processes, such as preven-
tion of desiccation, adherence and resistance to nonspecific and
specific host immunity. Generally, capsules are the most external
components of the bacterial surface and, among their many func-
tions, may mediate direct interaction between the bacterium and
the host defences (Moxon and Kroll, 1990). See also: Bacterial
Cells; Bacterial Cell Wall
Although their chemical composition can change significantly

between strains and species, most capsules are composed of neu-
tral or acidic polysaccharides linked to the bacterial surface via
covalent attachment to either phospholipids or lipid A molecules.
However, capsules composed of proteins or protein–carbohydrate
mixtures have also been described.
Capsule polysaccharides are composed of monosaccharides

joined by means of a glycosidic linkage. They can be branched
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Table 1 Characteristics of Escherichia coli capsular groups

Characteristic Group

1 2 3 4

K antigen group IA II III IB
Thermostability Yes No No Yes
Terminal lipid Lipid A core in KLPS α-Glycerophosphate α-Glycerophosphate Lipid A core in KLPS
Colanic acid coexpression No Yes Yes Yes
Regulated by Rcs system Yes No No No
Thermoregulated No Yes No No
CMP-Kdo synthetase levels Normal High Normal Normal
Polymerisation system Wzy dependent Processive Processive Wzy dependent
Transmembrane export Wzx ABC-2 ABC-2 Wzx
Translocation proteins Wza and Wzc KpsD and KpsE KpsD and KpsE Unknown
Genetic locus near his and rfb near serA near serA

or unbranched homopolymers or heteropolymers, and these
polymers may be substituted by both organic and inorganic
molecules. See also: Polysaccharides: Bacterial and Fungal
As a result of these different monosaccharide linkages and sub-

stitutions, the capsular polysaccharide comprises a wide range of
molecules with different structures, compositions and functions.
For instance, Escherichia coli produce more than 80 chemically
and immunologically distinct capsular polysaccharides (K anti-
gens), of which only a small fraction is associated with invasive
disease. A similar situation has also been described forKlebsiella
pneumoniae K antigens: only K1 and K2 capsular serogroups
have been associated with disease.
All of the known Gram-negative capsule assembly systems are

well represented in E. coli and initially have been classified into
three K antigen groups based on biochemical and genetic criteria:
group I, which contains subgroups IA and IB, group II and group
III (Jann and Jann, 1992; Pearce and Roberts, 1995). Recently,
a new classification system, classified into four distinct groups
based on genetic, biosynthetic and regulatory criteria, has been
proposed (Whitfield, 2006; Table 1).
Group 1 capsules are heat stable, contain hexuronic acids or

pyruvate as acidic components and are expressed on the cell
surface in two different forms: low-molecular weight capsular
polysaccharides linked to lipid A-core lipopolysaccharide (LPS),
termed KLPS, or high-molecular weight capsular polysaccharides
that maymask O antigen, and the association with the cell surface
has not been established (MacLachllan et al., 1993). In contrast
with all other capsular groups, expressions of group 1 capsules are
positively regulated by the two-component system RcsA/RcsB
(Stout, 1996), and are unable to coexpress with colanic acid.
Biosynthesis is performed on the cytoplasmic face of the plasma
membrane through the assembly of individual repeat units on a
carried lipid (undecaprenyl phosphate) by the sequential activi-
ties of glycosyltransferase enzymes. The lipid-linked repeating
units are then exported across the plasma membrane by the Wzx
protein, polymerised at the periplasmic face of the plasma mem-
brane by the polymerase enzyme, Wzy, and translocated across
the outer membrane by the outer membrane lipoprotein Wza
associated with two proteins: Wzc and Wzb, which are involved
in the export and regulation of polymerisation (Drummelsmith

and Whitfield, 1999; Whitfield, 2006). Furthermore, it has been
proposed that Wzi, which is a protein exposed on the surface of
the cell, may act as a lectin to bind the translocated polysaccha-
rides, creating a nucleation point as template for capsule forma-
tion (Bushell et al., 2013; Figure 1a). The genetic determinants
for group 1 capsules (cps) map near his (histidine biosynthesis
gene cluster) and rfb (O-antigen LPS gene cluster) loci on the E.
coli chromosome. This capsular group is found in E. coliK30 and
K. pneumoniae K2.
Recently, it has been demonstrated that negative charge pro-

vided by the carboxyl groups of galacturonic acid present in the
core-LPS plays an essential role in K. pneumoniae K2 capsular
polysaccharide attachment to the cell surface by an ionic interac-
tion (Fresno et al., 2006).
Group 2 capsules are heat labile, may contain hex-

uronic acid, N-acetylneuraminic acid (NeuNAc) or
2-keto-3-deoxy-D-manno-octulosonic acid (Kdo) as acidic
components, and the α-glycerophosphatidic acid bound to the
reduced end of this capsular group anchors the polysaccharides
to the bacterial surface. Although the linkage between group
2 capsular polysaccharides and this lipid has not been clearly
established, some data suggest that a unique poly-Kdo is involved
in E. coli K1 and K5 and N. meningitidis group B (Willis et al.,
2013). However, ionic interactions with the phosphate-negative
charges of the core-LPS are also involved in the linkage of E.
coli K1 polysaccharide (Jiménez et al., 2012). Moreover, group
2 capsules are not expressed at growth temperatures below 20 ∘C
and have high levels of CMP (cytidine 5′-monophospho)-Kdo
synthetase activity at capsular-permissive temperatures. Biosyn-
thesis is performed on the cytoplasmic face of the plasma
membrane and involves the sequential action of glycosyltrans-
ferases that elongate the polysaccharide at the nonreducing
end. The nascent polysaccharide is exported across the plasma
membrane by an adenosine triphosphate (ATP)-binding cas-
sette 2 (ABC-2) transporter-dependent system that comprises
the transmembrane component KpsM and the ATPase com-
ponent KpsT. Translocation across the outer membrane is
mediated by the KpsD and KpsE proteins (Figure 1b). The
genetic locus for group 2 capsules (kps) maps near serA, which
encodes the D-3-phosphoglycerate dehydrogenase, on the E. coli
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Figure 1 Models of capsule assembly. (a) Biosynthesis, export and translocation pathway for group 1 capsules. The capsular linkage to the lipid A core in
the outer membrane is only presented in KLPS capsules. (b) Biosynthesis, export and translocation pathway for group 2 capsules.

chromosome. This capsular group is found in E. coli K1 and
K5, Haemophilus influenzae type b and Neisseria meningitidis
group B.
Group 3 capsules have the same physical, biochemical, genet-

ical and biosynthetic general characteristics as those of group
2. However, in contrast to group 2, group 3 capsules express
polysaccharides at all growth temperatures and do not have ele-
vated levels of CMP-KDO synthetase. This capsular group is
found in E. coli K10 and K54, Haemophilus and Neisseria.
Group 4 capsules have the same general physical and biochem-

ical characteristics as those of group 1 but its polysaccharide
repeat unit contains amino sugars (Jann and Jann, 1992). Trans-
membrane export and polymerisation is Wzx/Wzy-dependent
pathway as group 1 capsules, and its only difference is the ini-
tiating glycosyltransferase. The group 4 capsules’ translocation
pathway is unknown. The genetic determinant for group 4 cap-
sules maps near his loci on the E. coli chromosome. This capsular
group is found in E. coli K40 and many genera.

Gram-positive capsular polysaccharides have much more het-
erogeneity than Gram-negative capsules, and at present it is not
possible tomake any division into groups. For example, the Strep-
tococcus pyogenes capsule contains hyaluronic acid polymers,
Streptococcus pneumoniae capsules have NeuNAc like E. coliK1
antigen (Lee et al., 1991), and Bacillus anthracis capsules have
poly D-glutamic acid.

Masking of Bacterial Antigens

The bacterial surface contains various structures that are capa-
ble of activating the host defences and consequently inducing
host immune responses. The Gram-negative bacterial cell wall
contains capsular polysaccharides, outer membrane proteins and
LPS. The cell walls of Gram-positive bacteria do not contain LPS.
See also: Antigens: Carbohydrates; Lipopolysaccharides
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Bacterial capsules may completely surround all the antigenic
molecules characteristic of the bacterial surface or may be coex-
pressed at the bacterial surface with particular bacterial antigens,
such as O-antigen LPS. See also: Antigens
Capsular polysaccharides that surround bacteria mask the

underlying pathogen-associated molecular patterns (PAMPs)
that would otherwise be potent activators of the complement
system as well as recognised by Toll-like receptors (TLRs).
Usually, bacterial strains with this kind of capsule activate the
complement system only weakly, or not at all, and in the absence
of specific antibodies may evade the bactericidal activities of the
complement system and opsonophagocytosis. An example of
this phenomenon is provided by the K1, K10 and K16 capsules
of K. pneumonia, which are the most external components of
the cell surface. If these strains are grown in the presence of
reagents that reduce the amount of capsule, such as salicylate or
bismuth salts (Salo et al., 1995), the surface structures capable
of activating immune responses are accessible on the bacterial
surface, and the complement system is activated. This mask-
ing of bacterial antigens is relevant because these capsulated
strains are not opsonised by complement-derived fragments
and are also resistant to opsonophagocytosis in the absence of
specific antibodies. See also: Complement System and Its
Role in Immune Responses; Molecular Mimicry; Pattern
Recognition Receptor; Phagocytosis: Enhancement
Masking by capsular polysaccharides may confer to the bacte-

ria a weak or absent immune response and make the host tolerant
to these foreign antigens. Furthermore, the capsules of mucosal
pathogens, as S. pneumoniae, enhance the transition from the
lumenal mucus to the epithelial surface, because capsules are
usually negatively charged owing to the presence of negative
sugar and mucus comprised largely of mucopolysaccharides that
are highly negatively charged owing to an abundance of sialic
acid and other anionic residues. This transition allows bacteria
to evade the clearance by mucociliary flow and access to host
cell receptors to establish a stable colonisation (Nelson et al.,
2007). Thus, group B streptococci that produce high levels of type
III capsular polysaccharide, which masks cell wall components,
exhibit greater virulence than isolates producing low levels of this
capsular polysaccharide.
Other bacterial capsules are coexpressed with strong

complement-activating structures on the bacterial outer
membrane. Usually, these capsules mask some complement
components deposited on the activating structures from their
receptors on phagocytic cells and may be responsible for
resistance to complement-mediated opsonophagocytosis. For
example, the bacterial surface ofK. pneumoniaeK66 strain shows
coexpression of the longest O-antigen LPS side-chains and the
capsular antigen (Tomás et al., 1991). These LPS molecules
activate the complement system, and complement components
such as C3b are bound to this structure as in the noncapsulated
mutant strain. Both capsulated and noncapsulated strains activate
complement cascade but the capsule masks C3b deposited on
O-antigen LPS chains, and capsulated strains show a high degree
of resistance to opsonophagocytosis. Another example may
be found in some S. pneumoniae capsular serogroups, where
peptidoglycan fragments and teichoic acids are accessible, thus
activating antibodies and the alternative complement pathway.

These host defence components diffuse through the porous
matrix of the capsule to the bacterial surface, and the strains
evade opsonophagocytosis.
However, some bacterial capsules interfere with the recognition

of PAMPs by TLRs, which decrease the production of cytokines.
Enterococcus faecalis capsular polysaccharides serotype C and D
diminish lipoteichoic acid recognition by TLR2 (Thurlow et al.,
2009), and Salmonella Vi-capsule prevents TLR4 recognition
(Wilson et al., 2008).
Capsules are important masking structures but are not the only

structures capable of masking surface antigens. Some outer mem-
brane proteins, protein layers and O-antigen LPS substitutions
can mask in a similar manner. Protein M is the major virulence
factor in group A streptococci. When protein is linked with fib-
rinogen, it masks the sites on the bacterial surface necessary for
complement activation, preventing the accessibility of the com-
plement components to underlying cell wall structures.
Mesophilic Aeromonas from serogroup O:11 and Aeromonas

salmonicida strains have a similar protein layer exposed on their
cell surface. The protein layer (S layer) of Aeromonas from
serogroup O:11 strains completely surrounds all the outer mem-
brane antigens and masks them, preventing complement acti-
vation (Figure 2). In contrast, the protein layer (A layer) of
A. salmonicida strains is coexpressed on the bacterial surface
with the longest O-antigen LPS side-chain molecules, and the
complement system is activated and bacterial strains are poorly
opsonised.
Most gonococci and some strains of H. influenzae,

Haemophilus ducreyi and Campylobacter jejuni contain LPS
components that have been sialylated. This sialylation masks
O-antigen LPS, as sialic acid (NeuNAc) is present in bacterial
capsules, preventing activation of the immune response.

Evasion of Complement Activation
The complement system is one of the most important of the
humoral mechanisms that contribute to host defence against
microbial invasion and infection. It consists of more than 20
serum glycoproteins, including activating proteins and regulators,
which circulate in the extracellular fluid compartment and interact
in a perfect sequence of reactions.
Complement can be activated by three different pathways: the

classical pathway, the alternative pathway and the lectin pathway.
The classical pathway is initiated by complement component
C1 and is normally activated by antigen–antibody complexes,
although the bacterial surface components of certain bacterial
species, such as the OmpK36 porin of K. pneumoniae, can acti-
vate it directly. The alternative pathway is initiated by comple-
ment component C3 and is the most important pathway in host
defence against bacterial infection, because it is activated by
many substances and microbial surfaces. The lectin pathway is
activated by the binding of mannose-binding lectin (MBL) to car-
bohydrates present on the bacterial surface, leading to activation
of complement component C1 as the classical pathway. These
three pathways converge at the step of C3 cleavage by C3 con-
vertase, which is the first step in the formation of the membrane
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(a) (b)

(c) (d)

Figure 2 Immunoelectromicroscopy of whole cells of Aeromonas hydrophila serogroup O:11 (O+:S+) with (a) anti-S layer serum and (b) anti-O:11
lipopolysaccharide (LPS) serum, and of the isogenic S layer mutant (O+:S−) with (c) anti-S layer serum and (d) anti-O:11 LPS serum. Bar, 0.4 mm.

attack complex (MAC), C5b-9. See also: Complement: Classi-
cal and Lectin Pathways; Complement: Terminal Pathways;
Complement: The Alternative Pathway; Lectins
As a result of complement activation, a wide range of biological

activities may be directed to destroy the invader. These activities
include opsonisation followed by phagocytosis and intracellular
killing, direct killing of many Gram-negative bacterial strains by
assembly of the cytolytic MAC, disposal of harmful immune
complexes and induction and modulation of the inflammatory
response.
Many pathogenic microorganisms have developed awide range

of strategies to avoid complement activation and attack. Most
of these strategies are intimately linked to the capacity of sur-
face structures to modulate either the activation of complement
or the stable deposition of the MAC (Figure 3). Alternatively,
microorganisms may shed molecules that destroy or neutralise
complement proteins, or may utilise bound complement frag-
ments and their receptors to gain access to safe intracellular sites
and evade complement action. Therefore, complement evasion
may bemediated at a variety of stages in the complement cascade.
Several microorganisms have developed surface structures,

including O-antigen LPS polysaccharides, capsular polysaccha-
rides and specific membrane proteins that inhibit activation of

C1 or C3 binding on the bacterial surface and restrict comple-
ment activation. Some of these structures have been associated
with the decreased amount and site of covalently bound C3b, as
well as its increased degradation to iC3b and other C3 degrada-
tion fragments to prevent the formation of C3 convertase, which
converts C3 into C3b (Pfrommer et al., 1993).
At present, three different mechanisms have been described

to prevent alternative convertase (C3bBb) formation, under the
control of complement factors B and H: (1) deficient covalent
binding of C3 on the bacterial surface, (2) decreased affinity
for the binding of factor B to C3b on the bacterial surface and
(3) increased affinity to bind factor H to C3b deposited on the
bacterial surface, which inhibits C3bBb formation by dissociation
of C3b and factor Bb and also acts as a cofactor to factor I that
cleaves cell-bound C3b to iC3b.
Some pathogenic bacteria have developed a number of struc-

tures, such as sialic acid from the E. coliK1 capsule or hyaluronic
acid from the S. pyogenes capsule, which have functional proper-
ties identical to those of the host and bind complement inhibitors
capable of preventing complement activation (Bloma et al.,
2009).
Generally, bacterial capsules are poor complement-activating

surfaces. Usually, strains with capsules that mask other
underlying surface components that may be potent complement
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Figure 3 Scheme of complement activation and evasion mechanisms associated with the bacterial surface structures. LPS, lipopolysaccharide; MBL,
mannose-binding lectin and MAC, membrane attack complex.

activators, such as K. pneumoniae K1, K10 and K16 capsular
polysaccharides, have a low degree of C3b binding and prevent
C3 convertase formation by employing some of the mechanisms
described in the preceding text. A similar situation is found with
some protein layers such as the S layer of mesophilic Aeromonas
from serogroup O:11 (Merino et al., 1996). In contrast, strains
with a low degree of capsulation, or unencapsulated strains, have
a major exposure of the O-antigen LPS on the bacterial surface,
and large amounts of C3b are bound on these structures.
Membrane proteins, such as proteinM of group A streptococci,

have the ability to bind some plasma proteins as the complement
inhibitors, C4b-binding protein (C4BP) and factor H, which limit
C3 deposition and increase degradation of C3b on the bacterial
surface (Bloma et al., 2009).
However, some microorganisms that activate complement effi-

ciently have developed strategies to avoid killing by the comple-
ment system. At least three mechanisms of resistance have been
proposed to prevent the effective hydrophobic insertion of the
MAC into the target membrane: (1) MAC is not formed or bound
too far from the bacterial outer membrane, (2) MAC is associ-
ated with the microbial surface by nonhydrophobic interaction
and shed and (3) MAC is bound to surface molecules that prevent
insertion into the bacterial membrane.

Macromolecules on the outer membrane are likely to be of
critical importance in determining whether C5b-9 assembly and
insertion occur. Many different experiments have shown that
O-antigen LPS side-chains are potent complement activators of
the classical and/or alternative pathways, depending on their
structure and composition, but not on their length. Furthermore,
O-antigen LPS side-chains have been shown to be major struc-
tural determinants in the avoidance of complement killing in
Gram-negative bacterial strains.
Encapsulated and unencapsulated Gram-negative bacteria with

smooth LPS molecules, such as K. pneumoniae and Serra-
tia marcescens, bind C3b on the high-molecular mass LPS
molecules that are far away from the bacterial membrane. This far
away association renders rapid C3b degradation to iC3b, prevent-
ing convertase formation, and the formation of MAC is too far
from the critical components of the bacterial membrane that pre-
vent their effective insertion into the hydrocarbon core of the tar-
get membrane (Albertí et al., 1996). In addition, MAC is usually
attached to O antigen side-chains by weak ionic interactions and
is shed from the surface. Mutations of these strains from smooth
to rough LPS lead to C3b deposition near the bacterial membrane,
and MAC may form at the appropriate site for bacterial killing.
Sometimes, resistance to complement killing is not dependent

on the longest of the O antigen side-chains and is associated with
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O antigen side-chain sugar substitution, such as in some LPS
mutants of Aeromonas hydrophila, which activate the classical
pathway and do not bind C3b on the bacterial surface.
A number of other membrane proteins have been shown to

evade efficient MAC attachment. For example, the most impor-
tant membrane protein (Protein I) of Neisseria gonorrhoeaemay
have a particular structure that makes MAC bind to these proteins
in an inefficient configuration for producing a lytic effect.
As a result of these different strategies, it transpires that avoid-

ance of complement activation and killing is a multifactorial phe-
nomenon.
In Gram-positive bacteria, uniform resistance to the lytic com-

plement effect has been associated with their thick and rigid
peptidoglycan layer that C3b is unable to penetrate.

Evasion of Phagocytosis
Phagocytosis is the most important cellular host defence pro-
cess and plays a critical role in host protection against infec-
tion. This process can be activated via nonopsonic receptors by
bacterial components such as mannose residues and LPS, and via
opsonic receptors by some serum components called opsonins,
such as C3b and the fragment crystalline (Fc) fraction of the
immunoglobulins. Phagocytosis via opsonic receptors is more
effective than phagocytosis via nonopsonic receptors, as opsonic
receptors of phagocytic cells can recognise a wide range of bac-
terial species with broad heterogeneity of surface characteristics.
See also:Mononuclear Phagocytic System; Phagocytosis
Extracellular and intracellular pathogenic bacteria have devel-

oped different strategies to evade one or more of the stages of the
phagocytic process. Often, extracellular pathogens exhibit viru-
lence by avoiding phagocytic recognition or ingestion. They have
developed different strategies to avoid the early stages of the
phagocytic process, such as inhibiting migration of the phago-
cytic cells towards the sites of infection, and evasion of the attach-
ment and ingestion of bacteria by phagocytes. See also: Immune
Mechanisms Against Extracellular Pathogens
The most important strategy for avoiding phagocytosis is

mediated mainly by the surface properties of bacteria. Many
pathogenic bacteria have antiphagocytic surface components,
either a capsule or a component of the cell wall secreted by
the bacteria, which prevent the activation of the phagocytic pro-
cess in the absence of specific antibodies. The mechanism used
by these bacterial structures to avoid phagocytosis may include
decreased binding of serum opsonins and inaccessibility of lig-
ands required for phagocyte attachment. This is achieved by cap-
sular polysaccharides that mask subcapsular components of the
cell, which activate alternative complement pathway; capsules
containing sialic acid, which are able to bind serum proteins than
specifically inhibit activation of the alternative complement path-
way or capsules with less affinity to bind factor B, and therefore
C3B deposition is not promoted and complement deposition is
insufficient for phagocytosis. A classic example of an antiphago-
cytic component is the α 2,8-linked polysialic acid capsule of N.
meningitidis group B and E. coli K1 strains, which surrounds all
the components on the bacterial surface and does not activate
or only weakly activates complement, so that their surfaces are

poorly opsonised in the absence of specific antibodies. Further-
more, these components make nonopsonic and opsonic ligands
inaccessible, so inhibiting phagocyte attachment.
The different compositions of S. pneumoniae capsular

serogroups result in different virulence. Some capsular polysac-
charides with choline residues bind a host protein called
C-reactive protein. C-reactive protein does not opsonise the
bacteria but aids phagocytosis. Streptococcal capsules that
do not possess choline residues evade phagocytosis. Other S.
pneumoniae capsules, such as capsular serogroup 25, evade the
opsonising function of lung surfactant protein A and prevent
phagocytosis.
Many bacterial strains with acidic capsular polysaccharides

that are coexpressed with the longest O-antigen LPS side-chains
on the cell surface, such as K. pneumoniae K66 capsular antigen,
activate the complement system and the bacteria are opsonised,
but capsules mask opsonins on the cell surface and make opsonic
ligands inaccessible to the phagocyte.
A similar situation has been found in some Gram-positive

capsular strains of pneumococci, where cell wall components
activate the complement system but opsonins on the cell surface
are masked.
The decreased binding and the inaccessibility of nonspecific

serum opsonins attached to the bacterial surface can be overcome
by capsule-specific antibodies. However, capsular polysaccha-
rides are, in general, unable to generate immunological memory,
because they are T lymphocyte-independent antigens and cannot
stimulate major histocompatibility complex (MHC) presentation
on helper T cells.
Capsules of some airway pathogenic bacteria, such as Acti-

nobacillus actinomycetemcomitans serotype b (Ohguchi et al.,
2003), S. pneumoniae (Küng et al., 2014) and some K. pneu-
moniae capsules (Yoshida et al., 2001), may downregulate the
expression of proinflammatory cytokines (interleukin 6 (IL-6)
and IL-8) that decrease thematuration of plasma cells, the amount
of antibodies and the migration of the phagocytic cells towards
the sites of infection. This downregulation decreases the specific
and nonspecific immune response and provides a mechanism to
avoid phagocytosis.
Other bacteria produce antiphagocytic slime substances, such

as polyuronic acid polysaccharide of Pseudomonas aeruginosa,
which inhibit chemotaxis and phagocytic attachment.
Some pathogenic strains of Staphylococcus aureus possess on

their surface an exposed protein A, which binds immunoglob-
ulin molecules directly via the Fc fraction. This binding in the
wrong orientation provides an antiphagocytic defence to poly-
morphs and macrophages. Also, some of these strains may bind
other serum proteins near the bacteria, impeding the attachment
of phagocytic cells and presenting less foreign surface to the
phagocytes.
A different mechanism for eluding phagocytosis may be to

avoid the attention of phagocytes by inhibition of chemotaxis.
After infection, various bacterial substances and complement
chemotactic factors such as C5a attract phagocytic cells to
sites of infection. Different pathogenic bacteria produce capsu-
lar polysaccharides that have similar composition to normal host
antigens and avoid phagocytic chemotaxis.
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After bacteria have been internalised, phagosome–lysosome
fusion leads to lysis of the bacteria. However, encapsulated bac-
teria which cause meningitis, as E. coliK1,H. influenzae group b
and N. meningitidis, can survive and multiply within phagocytic
cells. Endosomes containing encapsulated bacteria acquire early
and late endosomal markers but do not fuse with lysosomes (Kim
et al., 2003). The mechanism behind this is unknown but is due
to the presence of capsular polysaccharides.

Antigenic Variation in Bacteria
Antigenic variation in pathogenic bacteria is a response to
microenvironmental adaptation during the establishment and
course of an infective process. The ability to respond rapidly
to changes in the environment allows pathogens to establish
themselves in their host and escape host immune defences. See
also: Antigenic Variation in Microbial Evasion of Immune
Responses
The antigenic variation usually occurs in only a fraction of

the bacterial population and generates phenotypic variants in
just a few generations of growth. The resulting heterogeneous
population is well equipped for sudden environmental changes,
and the cells of the population that possess the phenotype needed
for survival have the capacity to regenerate a similarly diverse
population. This strategy ensures that one of the variant formswill
survive during infection. Phenotypic switching is usually gener-
ated by rearrangement of deoxyribonucleic acid (DNA), which
allows the bacteria to change the sequence of the gene; this can
be mediated by a variety of mechanisms. Most of these rearrange-
ments regulate expression of phase-variable surface antigens.
Sialic acid capsular polysaccharide of N. meningitidis con-

fers resistance to the bactericidal effect of normal serum, thus
emphasising the importance of the capsular polysaccharide
as a virulence factor for this organism. During pathogenesis,
meningococcal cells enhance their capsular polysaccharide levels
by low pH and nutrient-limiting conditions, but these enhance-
ments may be temporal in nature. However, it has been shown
that encapsulation by this organism reduces adherence to human
epithelial cells; thus carrier isolates tend to adhere more avidly
than invasive isolates. Capsule phase variation results from
reversible changes in the number of cytidine residues within
the 5′ region of the α-2,8-polysialyltransferase (α-2,8-PST)
gene. The insertion or deletion of one cytidine residue within an
oligo-(dC) stretch results in a frame-shift mutation, which leads
to the termination of translation and expression of a truncated,
inactive α-2,8-PST (Hammerschmidt et al., 1996).
A single strain of Bacteroides fragilis has eight separate

polysaccharide biosynthesis loci, which synthesise eight distinct
capsular polysaccharides. Each locus is arranged as a single
operon with a promoter upstream of the first gene. B. fragilis
regulate their expression in an on–off manner by the reversible
inversion of DNA segments containing the promoters by a
single global DNA invertase, Mpi. This regulation results in
phase-variable expression of each of the capsular polysaccha-
rides, which might allow the microorganism to persist in the
changing environment of the human intestine (Krinos et al.,
2001; Chatzidaki-Livanis et al., 2009).

Another example of capsular antigenic variation is found in
group B streptococci. Type III group B streptococci produce high
levels of polysaccharides and exhibit variation of capsular expres-
sion that confers a wide range of differences in surface properties.
Populations of this streptococcal capsular serogroup show differ-
ent capsular thicknesses and can coexist. Group B streptococci
with abundant encapsulation adhere poorly to epithelial cells,
whereas group B streptococci with no or sparse encapsulation
adhere avidly. Thus, phase shift may serve to fine-tune adhesive,
invasive and antiphagocytic properties to befit the different steps
in the pathogenesis of invasive group B streptococcal diseases.
Bacteria responsible for superficial infections also tend to show

something similar to immunological drift, with the appearance of
a few variants or subtypes that can reinfect the individual. Staphy-
lococci and streptococci exist in a great variety of antigenic types,
and this, though it may have some other biological significance,
may perhaps be regarded as antigenic drift.

Other Microbial Decoy Systems
Epithelial cells express pattern-recognition receptors (PRRs) that
recognise pathogen associated-molecular patterns (PAMPs), the
interaction PRR–PAMP induces secretion of proinflammatory
chemokines and cytokines, which recruit and activate profes-
sional antigen presenting cells such as macrophage or dendritic
cells. One different microbial strategy to prevent host defences
is the tissue penetration through a paracellular route. S. pyo-
genes possesses a hyaluronic acid capsule, which can bind to the
hyaluronic acid-binding protein CD44 on the pharyngeal or skin
epithelial cell surface (Cywes and Wesswls, 2001). Interaction of
this bacterial capsule with CD44 triggers cytoskeletal rearrange-
ments, which open intercellular junctions that provide the passage
between epithelial cells to underlying tissues. Thus, hyaluronic
acid capsule facilitates tissue invasion and prevents internalisa-
tion of the bacteria within epithelial cells.
Antimicrobial peptides (APs) lethality is linked to membrane

perturbation as well as intracellular targets. Nearly all of them are
cationic, and their microbiocidal action is initiated through inter-
action with the anionic bacterial surface with the aim to desta-
bilise it. Some pathogens neutralise their bactericidal activity by
anionic bacterial capsule polysaccharides, such asK. pneumoniae
K2, S. pneumoniae serotype 3 and P. aeruginosa. Anionic cap-
sules are released in presence of APs and bind them, reducing the
amount of peptides reaching the bacterial surface (Llobet et al.,
2008) or bind the cationic peptides at a distance from the bacterial
membrane (Campos et al., 2004).
Other bacteria may avoid immune defence by shedding differ-

ent structures, which may bind immunoglobulins and comple-
ment components away from the surface of the organisms. See
also: Antibodies; Fc Receptors
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