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The Helical Shape of Campylobacter jejuni Promotes In Vivo
Pathogenesis by Aiding Transit through Intestinal Mucus and
Colonization of Crypts
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Campylobacter jejuni is a helix-shaped enteric bacterial pathogen and a common cause of gastroenteritis. We recently developed
a mouse model for this human pathogen utilizing the SIGIRR-deficient mouse strain, which exhibits significant intestinal in-
flammation in response to intestinal C. jejuni infection. In the current study, this mouse model was used to define whether C.
jejuni’s characteristic helical shape plays a role in its ability to colonize and elicit inflammation in the mouse intestine. Mice were
infected with the previously characterized straight-rod Apgp1 and Apgp2 mutant strains, along with a newly characterized
curved-rod A1228 mutant strain. We also compared the resultant infections and pathology to those elicited by the helix-shaped
wild-type C. jejuni and complemented strains. Despite displaying wild-type colonization of the intestinal lumen, the straight-
rod Apgpl and Apgp2 mutants were essentially nonpathogenic, while all strains with a curved or helical shape retained their ex-
pected virulence. Furthermore, analysis of C. jejuni localization within the ceca of infected mice determined that the primary
difference between the rod-shaped, nonpathogenic mutants and the helix-shaped, pathogenic strains was the ability to colonize
intestinal crypts. Rod-shaped mutants appeared unable to colonize intestinal crypts due to an inability to pass through the intes-
tinal mucus layer to directly contact the epithelium. Together, these results support a critical role for C. jejuni’s helical morphol-
ogy in enabling it to traverse and colonize the mucus-filled intestinal crypts of their host, a necessary step required to trigger in-

testinal inflammation in response to C. jejuni.

Campylobacter jejuni is a Gram-negative, microaerophilic bac-
terium and a common cause of infectious gastroenteritis. It
possesses bipolar flagella and is highly motile. One of its defining
characteristics is its helical shape, from which its name is derived.
Although some rod-shaped Campylobacter species have been de-
scribed (such as C. hominis, C. showae, C. ureolyticus, C. concisus,
and C. gracilis [1, 2]), and rod-shaped variants of C. jejuni have
been isolated (3), these appear to be the exception, with the helical
shape being the standard morphology for C. jejuni as well as a
number of related species among the epsilonproteobacteria, such
as the gastric pathogen Helicobacter pylori.

The shape of a bacterial cell is maintained by its peptidoglycan
(PG) layer (4). While many bacteria have a relatively simple coc-
coid or bacillus shape, modification of the PG layer can allow for
the creation of more complex cell shapes such as the helix (5, 6).
PG-modifying enzymes have been described as being responsible
for generating the helical shape of H. pylori (Csd1, Csd2, Csd3/
HdpA, Csd4, and Csd6) (7-13) and C. jejuni (Pgp1 and Pgp2) (14,
15). Pgpl and Pgp2 are homologs of H. pylori Csd4 and Csdé6,
respectively. In addition, homologs of the H. pylori Csdl and
Csd3/HdpA proteins have also been identified in C. jejuni, and
characterization is ongoing (E. Frirdich and E. C. Gaynor, unpub-
lished data). Each of these enzymes is responsible for cleaving
peptidoglycan peptide side chains. Pgp1 is a DL-carboxypeptidase
that cleaves monomeric tripeptides into dipeptides, whereas Pgp2
is an LD-carboxypeptidase that cleaves both monomeric and cross-
linked tetrapeptides into tripeptides. Deletion of the pgpI and
pgp2 genes results in the loss of cell curvature, forming C. jejuni
cells with a rod-shaped morphology instead of the typical helical
shape (14, 15).
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From a functional standpoint, the role and evolutionary con-
servation of C. jejuni’s helical shape have been the subject of much
speculation, but little direct experimentation. The C. jejuni helical
morphology and polar flagella are thought to be responsible for
the darting motility that this organism exhibits in high-viscosity
media (16). Motility is a critical factor for C. jejuni colonization
and pathogenesis, with nonmotile strains being severely impaired
in their ability to colonize the intestines of their hosts (17-19). C.
jejuni flagella are important not only for motility but also for ad-
hesion and invasion into epithelial cells (20, 21) and for the deliv-
ery of effector molecules into host cells by serving as a type 3
secretion system (22). The helical shape of C. jejuni also plays a
role in motility. The rod-shaped Apgp1 and Apgp2 mutants, hav-
inglost their helical shape, show slightly attenuated motility in soft
agar (14, 15).
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One well-studied example of helix-shaped bacteria is the Spi-
rochaetes, such as Leptospira spp. or Borrelia spp., which have in-
ternal periplasmic flagella between the cell wall and outer mem-
brane that give the bacterial cell a long helical shape (23, 24). The
rotation of the helix-shaped cell allows it to move rapidly, without
the need for an external, rotating flagellum like that of other bac-
teria. Several studies have identified this system as a particularly
efficient means of moving through a viscous medium by allowing
the rotating helix-shaped cell to interact with large molecules
within the medium as a means to generate the torque necessary to
propel itself forward (25). Although both C. jejuni and the closely
related H. pylori are nonmotile without their external flagella, the
rotating motion of their helix-shaped cells may also boost their
movement through viscous media, such as mucus. Intestinal mu-
cus is a large network of interlocking glycoproteins, which create a
thick, viscous, almost gel-like layer lining the intestinal epithelium
and filling the lumen of intestinal crypts. Presumably, for C. jejuni
to reach the intestinal epithelium and cause disease, it must find a
way to overcome and cross this dynamic barrier. Indeed, studies
on the movement of C. jejuni through viscous media found that C.
jejuni exhibits a higher velocity in viscous media than in conven-
tional liquid media, showing that it is well adapted to this type of
environment (26, 27).

While previous studies examining the effects of cell shape on
Campylobacter pathogenicity have been limited, studies with the
Apgpl and Apgp2 rod-shaped deletion mutants have indicated
defects in chick colonization, altered activation of the human nu-
cleotide-binding oligomerization domain-containing protein 1
(Nodl) by Apgpl and Apgp2 strain PG, and a reduction in the
release of the proinflammatory chemokine interleukin-8 (IL-8)
from epithelial cells infected with the ApgpI mutant (14, 15). Nei-
ther ApgpI nor Apgp2 mutants showed a defect in their ability to
survive within intestinal epithelial cells (14, 15). Comparable
studies on the role of Helicobacter’s helical shape have also yielded
insights into the effect of PG modification and cell shape on the
pathogenesis of this organism. Sycuro et al. identified 5 H. pylori
genes (csdI to -5) (7, 8) that, when deleted, resulted in a loss of
various degrees of helical cell shape. Each of these enzymes was
shown to act by cleaving PG peptide side chains at specific points,
thereby shifting the curvature of the cell. Each of the csdI to -5
deletion mutants, when tested in vivo, displayed a significant com-
petitive disadvantage in comparison to the wild type in coloniza-
tion of the mucus layer of the mouse stomach (7, 8).

Mice deficient (—/—) in the single-1gG IL-1-related receptor
(SIGIRR), a negative regulator of MyD88-dependent signaling
(28), exhibit increased signaling by MyD88-dependent innate im-
mune receptors and, interestingly, also display enhanced suscep-
tibility to colonization/infection by a number of enteric patho-
gens, including C. jejuni (18). Relative to wild-type C57BL/6 mice
infected with C. jejuni, Sigirr '~ mice (on a C57BL/6 genetic back-
ground) exhibit significantly increased inflammation at the prin-
cipal sites of C. jejuni colonization in the cecum and proximal
colon, despite similar pathogen burdens recovered from the two
mouse strains. The intestinal inflammation that develops in the C.
jejuni-infected Sigirr '~ mice appears to depend on activation of
the innate receptor TLR4, since mice deficient in both SIGIRR and
TLR4 were largely asymptomatic after C. jejuni infection. Con-
versely, mice lacking both SIGIRR and the innate receptor TLR2
displayed more severe intestinal inflammation than both wild-
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type mice and Sigirr '~ mice, possibly due to the increased barrier
permeability in the gut associated with TLR2 deficiency (18).

In this study, we investigated the effects of the loss or alteration
of C. jejuni’s helical cell shape in the Sigirr '~ mouse model of C.
jejuni colonization and infection using rod-shaped Apgpl and
Apgp2 mutants and a previously uncharacterized curved-rod mu-
tant lacking the ¢jj81176_1228 gene (here referred to as the 1228
gene). The rod-shaped Apgpl and Apgp2 mutants were largely
nonpathogenic and unable to induce an inflammatory response,
even in the highly susceptible Sigirr '~ mouse model. Conversely,
the curved-rod A1228 mutant and the complemented ApgpI and
Apgp2 strains with a restored helical shape displayed wild-type
levels of inflammation in the Sigirr '~ mouse model. Further-
more, the nonpathogenic phenotype of the ApgpI and Apgp2 mu-
tants was attributed to the inability of rod-shaped C. jejuni strains
to colonize the intestinal crypts. This supports the proposed link
between C. jejuni helical cell shape and its pathogenic potential.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plas-
mids used in this study, as well as their construction, are described in the
supplemental methods and Table S1A in the supplemental material.
Primers are listed in Table S2. Unless otherwise stated, C. jejuni strains
were grown at 38°C in Mueller-Hinton (MH; Oxoid) broth or 8.5% (wt/
vol) agar supplemented with vancomycin (10 pg/ml) and trimethoprim
(5 pg/ml) under microaerobic/capnophilic conditions (6% O,, 12%
CO,) in a Sanyo tri-gas incubator for plates or using the Oxoid Campy-
Gen system for broth cultures. Growth media were supplemented with
chloramphenicol (Cm; 20 pwg/ml) or kanamycin (Kmj; 50 g/ml) where
appropriate. Escherichia coli strains used for plasmid construction were
grown at 38°C in Luria-Bertani (LB; Sigma) broth or 7.5% (wt/vol) agar
and supplemented with ampicillin (Ap; 100 pg/ml), Cm (15 pg/ml), or
Km (25 pg/ml) as necessary.

Invitro invasion and intracellular survival in epithelial cell lines and
IL-8 secretion. The human INT407 epithelial cell line was used for in vitro
C. jejuni infection experiments and grown as directed by the ATCC. In
brief, cells were seeded into 24-well tissue culture plates at semiconfluence
at ~1.5 X 10° cells/ml. Infections were carried out as previously described
(14). Adherence and invasion were measured at 3 h postinfection, inva-
sion was measured at 5 h postinfection, and intracellular survival was
measured at 8 h and 24 h postinfection. The concentration of IL-8 secreted
by INT407 human epithelial cells either left uninfected or infected with C.
jejuni wild-type strain 81-176 or the Apgpl, Apgp2 A1228, or A1228c
strain was assayed using the human IL-8 enzyme-linked immunosorbent
assay (ELISA) kit (Invitrogen, Camarillo, CA) per the manufacturer’s in-
structions (14).

Motility assays. Motility assays in soft agar were carried out with
strains grown in shaking MH-TV broth for 18 h as described previously
(14). These cultures were diluted in MH-TV broth to an optical density at
600 nm (ODy,) of 0.2, and 2 .l of this culture was point inoculated into
MH-TV plates containing 0.4% agar. The plates were incubated for 20 h
under microaerobic conditions, and the diameter of the growth halo ex-
tending from the inoculation point was measured. Motility in liquid me-
dium was assessed based on previously established methods (27). In brief,
C. jejuni strains were inoculated into 0.4% soft agar MH plates and then
grown for 48 h at 37°C under microaerobic conditions. A sterile loop was
used to sample C. jejuni from the outer edge of the growth ring, and the
samples were then resuspended in 100 pl of prewarmed MH medium.
Fifty microliters was pipetted onto a prewarmed microscope slide, and
the bacteria were visualized using a Zeiss Axiolmager Z1 microscope
under X630 magnification. Zeiss AxioVision software was used to image
bacterial movement on the slide for 6 s with a time lapse of 0.2 s per frame.
The same software was used to measure the distance traveled by individual
bacterial cells between frames, and their velocity was calculated in mi-
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crometers per second. Statistical significance between strains was deter-
mined using a nonparametric Kruskal-Wallis one-way test for variance
(P < 0.05).

Mouse strains and infection experiments. The wild-type C57BL/6
and Sigirr~/~ 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). Mice at 6 to 10 weeks of age were orally gavaged
with 100 pl of a 50-mg/ml vancomycin solution suspended in phosphate-
buffered saline (PBS) (dose per mouse of ~5 mg), 4 h prior to inoculation
with 100 wl of an overnight C. jejuni culture (~10” CFU per dose). The
initial weight of each mouse was recorded, and weight was monitored
regularly throughout the infection. Seven days postinfection, mice were
anesthetized with isoflurane and euthanized by cervical dislocation. The
mice were immediately dissected, and their cecum was isolated. Sections
of cecal tissues were fixed in 10% neutral buffered formalin (Fisher) for
later histological analysis. The remainder of the cecum (including luminal
contents) and other isolated tissues were suspended in 1 ml sterile PBS
(pH 7.4) for viable C. jejuni counts. Tissue samples were homogenized,
serially diluted, and plated onto Campylobacter agar plates containing
Karmali selective supplements (Oxoid). Following 48 h of incubation at
42°C under microaerobic conditions, C. jejuni colonies were enumerated,
and the pathogen burdens (CFU per gram of tissue) were calculated. Sta-
tistically significant differences were determined using a nonparametric
Mann-Whitney test, with a P value of <0.05 used as the threshold for
significance.

Ethics statement. All animal experiments were performed according
to protocol number A11-290, approved by the University of British Co-
lumbia’s Animal Care Committee and in direct accordance with the Ca-
nadian Council of Animal Care (CCAC) guidelines. Mice were monitored
daily for mortality and morbidity throughout their infection and eutha-
nized if they showed signs of extreme distress or more than 15% body
weight loss.

Histology, pathological scoring, and immunofluorescent staining.
Murine cecal tissue samples were fixed in 10% formalin at the time of
euthanization and were paraffin embedded and cut for further histologi-
cal analysis. The paraffin-embedded tissue sections were stained with he-
matoxylin and eosin, photographed, and then used for pathological scor-
ing. Pathology scoring was done by two blinded observers, according to
previously established criteria (18). Briefly, each tissue section was as-
sessed for (i) submucosal edema (0, no change; 1, mild; 2, moderate; 3,
severe), (ii) crypt hyperplasia (0, no change; 1, 1 to 50%; 2, 51 to 100%;
3, >100%), (iii) goblet cell depletion (0, no change; 1, mild depletion; 2,
severe depletion; 3, absence of goblet cells), (iv) epithelial integrity (0, no
pathological changes detectable; 1, epithelial desquamation [few cells
sloughed, surface rippled]; 2, erosion of epithelial surface [epithelial sur-
face 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]),
(v) mucosal mononuclear cell infiltration (per X400 magnification field)
(0, no change; 1, <20; 2, 20 to 505 3, >50 cells/field), and (vi) submucosal
polymorphonuclear leukocyte (PMN) and mononuclear cell infiltration
(per X400 magnification field) (1, <5; 2, 21 to 60; 3, 61 to 100; 4, >100
cells/field). Statistical significance (P < 0.05) was determined using a two-
way analysis of variance (ANOVA), with a Bonferroni posttest.

Immunofluorescent staining of the formalin-fixed, paraffin-embed-
ded sections was conducted using previously established protocols (18).
The primary antibodies used were raised against mucin 2 (rabbit poly-
clonal; Santa Cruz Biotechnology) and C. jejuni (biotin-rabbit polyclonal;
Abcam). Each was visualized using Alexa Fluor 488-conjugated donkey
anti-rabbit IgG (Invitrogen) or Alexa Fluor 568-conjugated streptavidin
(Molecular Probes). The tissues were mounted using ProLong Gold anti-
fade reagent containing 4',6-diamidino-2-phenylindole (DAPI) (Invitro-
gen). The stained slides were viewed using a Zeiss Axiolmager Z1 micro-
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scope and photographed using an AxioCam HRm camera with
AxioVision software.

RESULTS

The C. jejuni 81-176_1228 gene influences cell curvature and
has effects on intracellular survival in epithelial cells. C. jejuni
PG hydrolases Pgp1 (14) and Pgp2 (15) are involved in helical
shape determination in this organism. Deletion mutations in
these two genes result in the complete loss of C. jejuni’s curved
shape, with the Apgpl mutant exhibiting a common bacillus
shape, while the Apgp2 mutant has a slightly more oval shape with
narrowed ends. Complementation of both mutants restores wild-
type helical morphology (14, 15).

In addition to the rod-shaped mutants, we included a curved-
rod mutant. Several genes identified by bioinformatics analysis as
putatively involved in PG modification, peptidase activity, and/or
cell shape were deleted, many of which showed curved-rod phe-
notypes (Frirdich and Gaynor, unpublished). Of these curved-rod
mutants, only a mutation in the ¢jj81176_1228 gene (referred to
here as 1228) (Fig. 1A) resulted in a population with uniform cell
morphology, whereas other mutants exhibited more pleomorphic
cell shapes; thus, the A1228 mutant was selected for further anal-
ysis in this study. The A1228 mutant population morphology con-
sisted of C-shaped and S-shaped cells with decreased helicity in
comparison to wild-type C. jejuni and the previously published
rod-shaped Apgpl and Apgp2 mutants (Fig. 1B) (14, 15). The
complemented strain, designated the A1228c¢ strain, was created
by expressing the 1228 gene at the rRNA spacer locus of the A1228
strain. Wild-type cell morphology was restored in the A1228¢
strain (Fig. 1B). The 1228 gene product is annotated as a putative
peptidase with a C-terminal domain belonging to the M23 pepti-
dase family of zinc metallopeptidases that includes PG endopep-
tidases, as determined by conserved domain analysis. It also shows
46% identity/65% similarity with H. pylori G27 Csd3/HdpA (7)
and 45% identity/64% similarity with H. pylori 26695 Csd3/HdpA
(9), each of which has been described as being important in con-
trolling the helical cell shape in H. pylori. Conserved domain anal-
ysis and sequence similarity to H. pylori Csd3/HdpA, as well as the
shape of the deletion mutant, indicate that 1228 is likely a PG
peptidase; however, its exact function has yet to be determined, so
at present the 1228 gene has not been given a pgp (peptidoglycan
peptidase) designation like pgpI and pgp2.

As published previously, neither the ApgpI nor Apgp2 mutant
displayed any impairment in cell adhesion, invasion, or intracel-
lular survival (14, 15); (see Fig. S1A in the supplemental material),
which are commonly used indicators for C. jejuni pathogenicity.
As a further indicator of in vitro pathogenesis, the infection of
epithelial cells by C. jejuni is associated with the increased produc-
tion and release of the chemokine IL-8 (29). The Apgpl mutant
showed enhanced secretion from INT407 cells of the IL-8 chemo-
kine in comparison to wild type, while the Apgp2 mutant showed
a response identical to that of the wild type, as previously pub-
lished (14) (see Fig. S1B). To evaluate how these results compared
to the A1228 mutant, we tested the ability of the A1228 mutant to
adhere to, invade, and survive within human intestinal epithelial
cells and determined the levels of IL-8 secreted by epithelial cells
infected with the A1228 mutant. Epithelial cell infections were
carried out using the INT407 cell line in a gentamicin protection
assay, as was done previously for the ApgpI or Apgp2 strain. Un-
like the Apgpl and Apgp2 mutants (14, 15) (see Fig. S1A), the

iai.asm.org 3401


http://iai.asm.org

Stahl et al.

A C  Survival in intestinal epithelial cells
A1228 7 Gm treatment = 81-176
6 - A1228
P [y Invasion - A1228¢c
-l L.
1227 1228 1229 g 5 Intracellularsurvi\zl
o 4
= = D 3
B |om 500 ,:\ 5 o , I
‘ { l‘\ )\*s ¢
(7 ey 1 |
=9
‘Qo Yy =9 | ‘ ' N
81-176 sooim | 5 10 15 20 25
A1228 Time (h)
“ 500 nm - - - =
— D Intestinal epithelial cell IL-8 secretion
500nm 2
3 (X 80007 I Uninfected
e ‘ 3 47 M 31176
500 nm
) A ~ 6000 = A7228
Apgp1 r E O A1228¢c
- 2 4000
A1228¢c =
o
, — 20004
1pm 0-
8
Apgp2 Time (h)

FIG 1 C. jejuni cjj81176_1228 (1228) gene locus and morphology, invasion and intracellular survival, and IL-8 secretion levels of the A1228 strain. (A) Genomic
organization of ¢jj81176_1228 (denoted as 1228) gene locus. The A1228 mutant strain was constructed by deleting 1,014 bp of the 1,161-bp gene and replacing
it with the nonpolar aphA3 Km" cassette. (B) Negatively stained transmission electron microscopy images of the helical C. jejuni 81-176 strain, the rod-shaped
Apgpl (14) and Apgp2 (15) mutant strains, C- and S-shaped A1228 mutant strain, and A1228 complemented strain (A1228c) with restored helical morphology.
All strains show intact flagella. (C) Invasion by and intracellular survival of the C. jejuni wild type 81-176 A1228 mutant and A1228 complemented strain
(A1228c) in the INT407 epithelial cell line were assessed by the gentamicin (Gm) protection assay. The A1228 mutant strain showed a slight defect in invasion
and intracellular survival. Gm was added 3 h postinfection. After 2 h, the Gm was washed off and the cells were incubated with fresh MEM containing 3% fetal
bovine serum and a low dose of Gm. At each time point, CFU were determined for each well by lysing the cells with water and plating the dilutions onto MH-TV
plates. Data represent the mean * standard error of the mean from three replicates and are representative of three independent experiments. (D) ELISA was used
to quantify IL-8 levels secreted by uninfected INT407 epithelial cell lines and cells infected for 8 and 24 h with C. jejuni wild-type 81-176, A1228, and A1228c
strains. The A1228 mutant resulted in decreased IL-8 secretion in comparison to wild type. Data represent the mean * standard error of the mean from three
replicates and are representative of three independent experiments. Asterisks indicate a statistically significant difference using the unpaired Student ¢ test, with
*, 0 o0 and ¥ indicating P < 0.05, P < 0.01, P < 0.001, and P < 0.0001, respectively.

A1228 mutant exhibited a small defect in adherence, invasion,and ~ complement was incubated in MEM (see Fig. S2A). This does not
intracellular survival (Fig. 1C), with an 0.4-log decrease in adher-  appear to be due to various levels of the 1228 gene, as 1228 gene
ence and invasion at 3 h, an 0.5-log decrease in invasion at 5h (not  transcription remained constant in the A1228c¢ strain in both MH
statistically significant), and an 0.9-log decrease in intracellular sur- ~ broth and MEM (see Fig. S2B).

vival at 8 h in comparison to the wild type. No intracellular bacteria Shape mutants display motility defects in soft agar and vis-
were recovered at 24 h. The invasion and intracellular survival de-  cous media but not in liquid media. A key C. jejuni pathogenicity
fects could not be restored in a complemented strain, as hassome-  determinant is its motility (30). Both ApgpI and Apgp2 strains
times been observed previously (M. Pryjma and E. C. Gaynor, were identified as having defects in motility through soft agar (14,
unpublished data). To determine whether the IL-8 secretion levels  15), so we tested whether the change in morphology of the A1228
were altered during infection with a A1228 mutant, INT407 hu- mutant also affected its motility in soft agar by measuring the
man epithelial cells were infected with C. jejuni wild-type, A1228,  diameter of the halo of growth following 24 h of incubation at
and A1228c strains. The IL-8 levels released into the supernatant  37°C. The soft agar motility of the A1228 strain was on average
were then measured at 8 h and 24 h postinfection by ELISA (Fig.  85.1% of that of the wild type (Fig. 2A), while those of ApgpI and
1C). The A1228 mutant strain showed a statistically significant ~Apgp2 mutants were 81.0% and 66.3%, respectively (Fig. 2A),
3.8-and 2.6-fold decrease in IL-8 secretion in comparison to wild-  slightly lower than the previously published values of 82.5% and
type C. jejuni at 8 h and 24 h, respectively. The complemented  73.7%, respectively (14, 15). The motility defect of the A1228
strain did not restore IL-8 secretion levels to wild-type levels. To  strain was restored in the complemented strain (Fig. 2A).
determine why complementation failed to restore the wild-type The soft agar assay analyzes changes in C. jejuni motility
phenotype in the A1228 mutant, we assessed both the cell mor-  through a semisolid gel. To remove the resistance of the agar and
phology and 1228 gene transcription of the complemented strain  analyze motility in a nonviscous solution, we measured bacterial
when grown in minimum essential medium (MEM; the growth  velocity in liquid MH medium using a standard light microscope
medium for the cell invasion and IL-8 secretion assay) and MH by recording images at 0.2-s intervals under X630 magnification.
broth (the medium used in all other assays that showed comple-  The movement of individual C. jejuni cells was plotted between
mentation). Wild-type cell morphology was restored when the frames, and their velocity was calculated in micrometers per sec-
complemented strain was grown in MH broth but not when the  ond, similarly to previously published studies (27). Although

3402 iai.asm.org Infection and Immunity December 2016 Volume 84 Number 12


http://iai.asm.org

A Motility in semi-solid agar B

w
o

Campylobacter jejuni Shape Promotes Pathogenesis

C. jejuni Velocity in Liquid Medium

= 150+ i
g dedkkk
vzo e *kkk v °
a z oo ] a0 v .
< £ 100 -~ Y . °
£ 10 2 o "my Qop Y \ s
kS = | . r 97 T
[a) ‘S nlm
. g ]
81-176 Apgp1 Apgp2 @ W
Strain o

—_ v (-4
E 20 0 F T SR I S aar e
- *kdek NG 43 A L o
= o S Q & Q AV v
Z1s I
5
B 10

81-176 A1228 A1228¢c
Strain

FIG 2 Motility of C. jejuni wild-type 81-176, Apgp1, Apgp2, A1228, and complemented strains. (A) As assayed by measuring halo diameters in soft agar plates,
the Apgpl, Apgp2, and A1228 mutants exhibited 81.0%, 66.3%, and 85.1% of wild-type motility, respectively. Complementation of the A1228 mutant (A1228c)
showed restoration of wild-type motility. Standard error of the mean was calculated from 9 measurements. The asterisks indicate a statistically significant
difference using the unpaired Student ¢ test, **** indicating a P value of <0.0001. (B) Motility of the wild-type, mutant, and complemented C. jejuni strains in
liquid MH medium recorded over 6 s with a time-lapse of 0.2 s/frame. The velocity (micrometers per second) was calculated by measuring the distance moved
by individual cells between frames, divided by the number of frames over which the movement was tracked. Statistical significance was determined using a

Kruskal-Wallis test (P < 0.05).

there was a large amount of variability between individual cells,
there was on average little difference between the wild-type and
Apgpl and Apgp2 mutant and complemented strains, with the
exception of the A1228 strain, which demonstrated on average a
slight (10- to 15-pm/s) increase in motility relative to the wild type
(Fig. 2B) (P < 0.05). With a loss of motility in soft agar but not in
liquid media, the motility defect of the shape mutants is likely not
due to a defect in flagellar rotation but rather a result of the
changes in cell shape.

Rod-shaped Apgpl and Apgp2 mutants, but not the curved
A 1228 mutant, exhibit defective pathogenesis in Sigirr '~ mice.
With the helical morphology of C. jejuni being presumed to be an
important factor for intestinal colonization as well as motility
within the mucus layer in vivo, we tested the colonization and
pathology of the C. jejuni Apgpl, Apgp2, and A1228 mutants in
Sigirr~'~ mice. We recently described this mouse strain as a pow-
erful model for studying the pathology of C. jejuni colonization
and infection (18). The increased susceptibility of these mice is
due to the absence of SIGIRR, an inhibitor of most MyD88-de-
pendent signaling. The result is a mouse model with increased
signaling via TLR and IL-1R (31). TLR2 and TLR4 have been
previously identified as being particularly relevant for C. jejuni
infection (18, 32). When these mice are orally infected with C.
jejuni, C. jejuni quickly colonizes the crypts as well as the mucus
layer of the cecum and proximal colon, triggering an acute, self-
limiting inflammatory reaction within the intestinal mucosa (18).

We pretreated groups of Sigirr~’~ mice with 5 mg vancomycin,
followed 4 h later by an inoculation of approximately 10’ CFU of
the wild-type C. jejuni 81-176 strain; the Apgp1, Apgp2, and A1228
mutant strains; and the Apgplc, Apgp2c, and A1228c comple-
mented C. jejuni strains. The vancomycin pretreatment was used
to abet consistent colonization by C. jejuni by reducing the num-
ber of commensal bacteria, thereby opening niches within the
cecum for C. jejuni to colonize. When the mice were euthanized
and their intestinal tissues were collected 7 days postinfection,
each of the strains colonized the mouse cecum to approximately
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similar levels (10° CFU/g) (Fig. 3). The ApgpI and Apgp2 mutants
demonstrated a slight defect in mean colonization levels; however,
this difference was not statistically significant (Fig. 3).

Despite similar colonization numbers, a marked difference
was observed in the pathology elicited by the different strains
(Fig. 4). In accordance with our previous studies (18), infection
of Sigirr™'~ mice by wild-type C. jejuni triggered significant in-
flammation and pathology in the cecum and proximal colons of
infected mice. This was characterized by crypt epithelial hyperpla-
sia, infiltration of the mucosa and submucosa by inflammatory
and immune cells, and, in the worst cases, the development of
mucosal ulcers (Fig. 4). In contrast, Sigirr '~ mice colonized by
the Apgpl and Apgp2 mutants showed very little, if any, inflam-
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FIG 3 Colonization of Sigirr~/

complemented strains as CFU per gram recovered from the cecum of Sigirr—
mice colonized by wild-type C. jejuni 81-176 and Apgpl, Apgp2, and A1228
mutant strains and the ApgpIc, Apgp2c, and A1228c complemented strains, all
at 7 days postinfection. Most colonization levels ranged between 10® and 10°
CFU/g, with Apgp1 and Apgp2 mutants having on average a slightly reduced
pathogen burden per gram of tissue/luminal contents compared with the other
strains, although this was not statistically significant. Statistical significance
was determined using a Mann-Whitney test (P < 0.05). No strains met this
threshold.

~ mice by wild-type C. jejuni and mutant and
-
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FIG 4 Tissue pathology in C. jejuni-infected Sigirr '~ mice. (A) Hematoxy-
lin-and-eosin-stained histological sections from infected mouse ceca. Tissue
samples were collected 7 days postinfection, formalin fixed, and paraffin em-
bedded. Images were taken under X 100 magnification and were representative
of tissues from at least seven mice. The uninfected control and Apgpl and
Apgp2 mutant-infected mice showed few signs of inflammation, whereas the
ceca of mice infected with wild-type, A1228, and ApgpIc, Apgp2c, and A1228¢
complemented strains showed significant edema, crypt hyperplasia, and im-
mune cell infiltration. (B) Pathological scoring was done by two blinded ob-
servers using hematoxylin-and-eosin-stained, formalin-fixed, cecal tissue sec-
tions. Scoring was done on a scale from 0 to 24, as described elsewhere (18).
Significant pathology relative to uninfected controls was observed in mice
infected with the wild type, the A1228 strain, and all complemented strains. No
significant pathology was observed in mice infected with the Apgp1 and Apgp2
mutant strains. Statistical significance was determined using a two-way anal-
ysis of variance and a Bonferroni posttest. ns, not statistically significant; ¥, P >
0.05; ****, P> 0.0001.

mation following infection, as indicated by pathology scores sim-
ilar to those of uninfected mice (CTRL in Fig. 4). In the comple-
mented strains, the pathology in infected mice was restored to
wild-type levels (Fig. 4). In contrast to the ApgpI and Apgp2 mu-
tants, Sigirr '~ mice infected with the curved A1228 strain
showed wild-type colonization levels and pathology, with pathol-
ogy scores comparable to that of the wild-type strain (Fig. 3 and 4).
Therefore, the A1228 mutant does not appear to display any sig-
nificant defects in eliciting gastrointestinal disease in vivo in
Sigirr~'~ mice (Fig. 4).

Rod-shaped mutants are impaired in intestinal crypt coloni-
zation. With substantially different pathologies elicited by the
Apgpl, Apgp2, and A1228 mutant strains 7 days postinfection,
despite the mice carrying similar pathogen burdens, we further
examined the reason for this difference. Previous work with both
Sigirr~'~ and conventional wild-type mice indicated that C. jejuni
preferentially colonizes the mucus layer that overlies the intestinal
epithelium, as well as filling intestinal crypts along the cecum and
proximal colon, with large numbers of bacteria frequently seen
accumulating within the mucus of the crypts (18, 33). The intes-
tinal crypts are also presumably the site where the most direct
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FIG 5 Immunofluorescent staining of C. jejuni cecal colonization in infected
Sigirr~/~ mice. Formalin-fixed, paraffin-embedded tissue sections of ceca ob-
tained from Sigirf/ ~ mice infected with wild-type, mutant, or complemented
strains of C. jejuni at 3 days postinfection (A) or 7 days postinfection (B),
at X200 magnification. Cell nuclei are stained with DAPI (blue), the goblet
cells and secreted mucus are stained with antibodies specific to Muc2 (green),
and C. jejuni is stained with C. jejuni-specific antibodies (red). The wild type,
the A1228 mutant, and all complemented strains are visible in the lumen,
mucus layer, and crypts (white arrows). The Apgpl and Apgp2 mutants are
absent from the crypts.

interactions between C. jejuni and its host occur. Immunofluores-
cence was used to visualize the location of the colonizing bacteria
relative to the intestinal epithelium of the host in formalin-fixed
cecal and colonic tissue sections collected from infected Sigirr™/~
mice 3 and 7 days postinfection (Fig. 5A and B). For all strains, C.
jejuni pathogen burdens early in infection (up to 3 days postinfec-
tion) were relatively low and quite variable (data not shown) and
signs of inflammation had not yet developed; however, even at
these early stages of infection, we could detect C. jejuni in the
lumen and/or crypts of the cecum and colon using immunofluo-
rescence (Fig. 5A). At 3 and 7 days postinfection, the wild-type C.
jejuni 81-176 strain infecting Sigirr '~ mice displayed similar
deep penetration/colonization of intestinal crypts as previously
reported (Fig. 5) (18, 33). In contrast, neither the ApgpI nor the
Apgp2 mutant colonized the intestinal crypts at any time point
examined (Fig. 5). While these mutants were found lodged within
the mucus layer lining the superficial epithelium facing the lumen
(see Fig. S3), there was minimal penetration into intestinal crypts,
with the base of the crypts being completely devoid of C. jejuni
(Fig. 5). The Apgpl and Apgp2 complemented strains showed
crypt colonization levels comparable to that of the wild type. In
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accordance with the pathology results obtained with the A1228
mutant, the A1228 mutant readily colonized the intestinal crypts
at both 3 and 7 days postinfection and resembled the wild-type
strain (Fig. 5). In the infected mice, the complemented A1228¢
strain was similar in both colonization and pathology to the A1228
mutant and wild-type strains.

DISCUSSION

Like other enteric bacterial pathogens, before C. jejuni can estab-
lish an infection, it must first enter the gastrointestinal tract and
then colonize an ecological niche from which it can proliferate and
spread. The inability of nonmotile C. jejuni to efficiently colonize
the host intestine indicates that motility is critical for colonization.
Several lines of evidence suggest that in some mammalian hosts,
such as mice, C. jejuni is ill suited to compete and survive among
the resident commensals that colonize the intestinal lumen (18,
34, 35). Our mouse model of C. jejuni infection initially reduces
this competitive pressure via the depletion of commensal mi-
crobes by preinoculation with vancomycin. Our model indicates
that for intestinal pathology to develop during C. jejuni infection,
C. jejuni needs to come into close proximity with the host epithe-
lium, activating innate immune receptors such as TLR4 that help
drive the host inflammatory response against C. jejuni (18, 32).
Epithelial cell invasion, a common marker of C. jejuni pathogen-
esis, was also observed in infected Sigirr '~ mice (18, 33). In order
to access the intestinal epithelial layer, C. jejuni has to enter and
move within the overlying intestinal mucus. In addition to motil-
ity, C. jejuni chemotaxis toward mucus and its constituents (36),
including mucin proteins and the common mucus-associated gly-
can L-fucose (37), is known to play an important role in C. jejuni
colonization. We have also observed from our previous studies of
C. jejuni infections in our Sigirr '~ mouse model that the primary
site of C. jejuni infection is within the mucus layer and in the
intestinal crypts, where it is in close proximity to the intestinal
epithelium. The inability of the rod-shaped C. jejuni mutants to
colonize the intestinal crypts of the Sigirr/~ mouse resulted in
nonpathogenic colonization by these mutants.

The PG hydrolases Pgp1 and Pgp2 are necessary for determin-
ing the characteristic helical shape of C. jejuni (14, 15). The H.
pylori PG hydrolase Csd3/HdpA is involved in creating cell curva-
ture and twist (7), as is the C. jejuni homolog 1228. While the
ApgpI and Apgp2 mutants were rod shaped (7, 8), the A1228 mu-
tant still had a curved morphology but with decreased helical pitch
that resulted in cells with a C- or S-shaped morphology. In semi-
solid motility agar, each of the three mutants exhibited a slight
reduction in motility compared to the wild type: 81.0% for the
Apgp]I strain, 66.3% for the Apgp2 strain, and 85.1% for the A1228
strain. The observed motility defect in semisolid agar could result
from either (i) the alteration in cell shape or (ii) decreased flagellar
propulsion. All three mutants had wild-type flagella, as observed
by electron microscopy (14, 15; also Frirdich and Gaynor, unpub-
lished) (Fig. 1B). Moreover, if the mutants were impaired in fla-
gellar rotation, then their motility within liquid medium, without
the added viscosity of the agar, would have also been affected. In
MH broth, there was little observable difference in motility be-
tween the wild type and Apgpl, Apgp2, and A1228 mutant and
complemented strains. This indicates that the observed reduction
in motility in semisolid agar is likely due to the alterations in cell
shape and not a defect in flagellar rotation, thereby affecting the
strains’ motility within viscous solutions.
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In vitro, neither the ApgpI nor the Apgp2 mutant was signifi-
cantly impaired for cell adhesion, invasion, or intracellular sur-
vival (14, 15), while the A1228 mutant was slightly defective at all
time points (Fig. 1; also see Fig. S1 in the supplemental material).
The Apgpl mutant showed an increase in IL-8 secretion in com-
parison to the wild type during epithelial cell infections in vitro,
which would in vivo likely indicate the potential for increased
inflammation (14) (see Fig. S1). In contrast, the levels of IL-8
secretion in response to the A1228 mutant were decreased in com-
parison to the wild type. Neither the intracellular survival nor IL-8
secretion defects of the A1228 mutant were restored in the A1228¢
complemented strain. Incubation of A1228¢ in the MEM used in
cell culture assays resulted in a lack of complementation of the
A 1228 strain cell shape defect, while growth of the A1228c¢ strain in
the nutrient-rich MH medium showed the restoration of wild-
type morphology. This was not due to a decrease in 1228 tran-
scriptional levels in the A1228¢ strain incubated in MEM and may
indicate that 1228 protein function could be affected in a nutrient-
limited medium.

Whereas ApgpI and Apgp2 mutants displayed no loss of patho-
genicity in the in vitro cell invasion assay, they were essentially
nonpathogenic in vivo despite reaching a high bacterial burden.
Specifically, they caused no significant pathology and were not
able to colonize the intestinal crypts of infected Sigirr '~ mice. In
contrast, the AI228 mutant displayed little difference from the
wild type in vivo, despite its impaired in vitro phenotypes. These
results highlight that in vitro and in vivo data can yield different
pathogenesis-related outcomes, depending on the models used
for analysis. In the case of the three shape mutants described here,
the ability to colonize intestinal crypts gave different results re-
garding pathogenicity than cell adhesion and invasion potential.

Although in vivo pathogen colonization and infection are a
complex process, the impaired motility of the rod-shaped mutants
(as assessed in semisolid agar) is likely the primary factor prevent-
ing these mutants from penetrating the mucus overlying the mu-
rine epithelium and crypts, which is required to reach the epithe-
lium and trigger inflammation. Indeed, this layer is being
increasingly appreciated for its functionality as a physical barrier
to pathogen infection in the gut (38, 39). The large, intercon-
nected mucin glycoproteins that make up the mucus layer create a
thick, viscous medium that C. jejuni must move through. Al-
though the ApgpI and Apgp2 mutants display wild-type motility
in liquid media, without the typical helical shape of C. jejuni and
the associated corkscrew motility providing added torque to assist
in their movement, they appear to be less efficient at moving
through the mucus of the crypts. An added barrier to infection is
the constant release of new mucins by the goblet cells into the
crypts which, upon hydration, creates a flow of mucus up and out
of the crypt toward the lumen. To effectively colonize the crypt, C.
jejuni would have to maintain a velocity higher than the mucin
outward flow rate to remain in the crypt. Any microbe, including
those that are motile, would be pushed out of the crypt over time
ifits forward velocity was too low. We observed wild-type C. jejuni
within the intestinal crypts as early as 1 day postinfection, and its
presence within the intestinal crypts was maintained throughout
the infection. The rod-shaped Apgpl and Apgp2 mutants were
relegated to the periphery of the mucus overlying the surface ep-
ithelial cells and were thus unable to interact with the epithelium
of the crypts to trigger an inflammatory response. This was a char-
acteristic in both early (1 to 3 days postinfection) and later (7 days
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postinfection) stages of infection. Despite the fact that the
Apgpl and Apgp2 mutants showed no defect in in vitro adhe-
sion, invasion, and intracellular survival in epithelial cells and
some changes in host cell interactions (i.e., differential activa-
tion of Nodl and increased IL-8 release in response to the
Apgpl mutant) (14, 15), these factors do not affect the outcome
of infection if the mutants are unable to reach the epithelial
cells. While it is possible that the Apgpl and Apgp2 mutants
could be more susceptible to the action of host-produced an-
timicrobial peptides that would eliminate these mutants if they
reached the intestinal crypts, this is unlikely as neither mutant
showed increased sensitivity to any antimicrobial compounds
tested in vitro in previous studies (14, 15).

In contrast to the rod-shaped ApgpI and Apgp2 mutants, the
curved A1228 mutant was not impaired in its ability to colonize
the mouse intestinal crypts and subsequently triggered intestinal
pathology and inflammation comparable to those of the wild type.
This was in spite of in vitro defects in epithelial cell adhesion,
invasion, and intracellular survival and a decreased ability to trig-
ger IL-8 secretion. One possible reason for why this mutant could
colonize crypts whereas the rod-shaped mutants could not is that
the A1228 strain still maintains a curved shape and is thus still able
to generate enough corkscrew motility to penetrate the mucus
layer to reach the epithelial layer of the crypts. This study provides
the first direct evidence that C. jejuni’s corkscrew motility through
viscous solutions, such as mucus, mediated by its helical shape is
important for ensuring that C. jejuni can reach and colonize in-
testinal crypts.

Our results further support the importance of cell shape in C.
jejuni virulence. Although classical virulence factors such as tox-
ins, secretion systems, and effector molecules are often the main
subjects of pathogenesis research, sometimes the fundamental
properties of the microbial cell, such as its cell shape, are equally as
important. This is especially true of C. jejuni, as it expresses only a
limited number of classical virulence factors. C. jejuni is known to
be well adapted to its niche within the mammalian lower intestine
and specifically in the intestinal mucus layer at the interface be-
tween the epithelium and the lumen of the intestine, where it can
avoid competition with many of the resident commensal mi-
crobes. This environment contains low levels of oxygen, ideal for
the microaerophilic growth requirements of C. jejuni (40). More-
over, being surrounded by thick and viscous mucus makes its
helical shape a necessity for its motility within this layer. It appears
that the ability of C. jejuni to colonize this niche is a key step in the
ability of this pathogen to trigger gastroenteritis, likely placing C.
jejuni into close contact with the epithelium where it activates
innate immune receptors that drive the inflammatory response to
infection.

The mucus layer is a major line of defense against invading
enteric pathogens like C. jejuni. This study indicates that helical
morphology is a specific bacterial adaptation required for certain
bacteria, such as C. jejuni, to overcome this barrier and establish a
successful infection. Inhibitors targeting cell shape-determining
enzymes, such as the phosphinic acid-based pseudopeptide inhib-
itor active against C. jejuni Pgp1 and its homolog Csd4 in H. pylori,
which results in cell straightening in these organisms (41), may
prove to be a novel and effective therapeutic to treat infections by
these helix-shaped pathogens.
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