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Campylobacter jejuni is a major worldwide cause of enteric illnesses. Adult immunocompetent mice are not
susceptible to C. jejuni infection. However, we show here that mice deficient in the adaptor protein myeloid
differentiation factor 88 (MyD88), which is required for signaling through most Toll-like receptors, can be
stably colonized by C. jejuni but not by isogenic derivatives carrying mutations in known virulence genes. We
also found that Nramp1 deficiency increases the mouse susceptibility to C. jejuni infection when administered
systemically. These results indicate that MyD88-deficient mice could be a useful model to study C. jejuni
colonization and reveal a potential role for Nramp1 in the control of this bacterial pathogen.

Campylobacter jejuni is a leading cause of food-borne ill-
nesses in the United States and Europe (3). Its ability to stably
and asymptomatically colonize a great variety of warm-blooded
animals, including some important food-producing species, has
contributed significantly to the high incidence of infections in
human populations (3). Despite the availability of the nucleo-
tide sequences of the genomes of several C. jejuni strains (11,
20, 38), relatively little is known about the mechanisms utilized
by these bacteria to colonize the host and cause disease. A
number of studies have demonstrated the importance in C.
jejuni pathogenesis of various surface determinants, protein
glycosylation, motility, and the ability to enter intestinal epi-
thelial cells (5, 14, 16-18, 23-25, 34, 45, 48). However, much
less is known about host determinants that contribute to the
control of C. jejuni infections. Toll-like receptors (TLRs) are
essential components of the innate immune system (2, 33).
These receptors recognize conserved bacterial molecules or-
chestrating a variety of responses that are important to control
microbial infections. TLRS, for example, recognizes conserved
residues in bacterial flagellin (21). However, C. jejuni flagellin
is not recognized by TLRS due to differences in amino acid
sequences that are crucial for receptor recognition (4, 46).
Since TLRS is expressed in intestinal epithelial cells, C. jejuni’s
lack of agonistic capacity for this TLR may constitute a specific
adaptation that could benefit the ability of this pathogen to
colonize the intestine and evade recognition by the innate
immune system. However, C. jejuni encodes other potential
agonists of TLRs as well as specific adaptations that result in
the stimulation of innate-immunity outputs in a manner that is
apparently independent of TLR signaling (46). Mice are re-
fractory to C. jejuni infection and therefore can only be very
transiently colonized by these bacteria, with no underlying
detectable pathology (49). Here we report that nmyd88 '~ mice,
which are deficient for TLR signaling, can be efficiently and
persistently colonized by C. jejuni. We also found that a loss-
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of-function mutant in nramp1, which encodes a divalent cation
transporter essential for the control of infection by several
intracellular pathogens (10), significantly increased the suscep-
tibility of myeloid differentiation factor 88 (MyD88)-deficient
mice to C. jejuni systemic infections. Furthermore, strains car-
rying mutations in genes previously shown to be important for
C. jejuni colonization or virulence were defective in their ability
to colonize myd88~'~ mice, indicating that these animals
can serve as a useful model to study this important enteric
pathogen.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Wild-type C. jejuni 81-176 has been
described previously (28). The isogenic Afla4A mutant has been previously de-
scribed (46), and isogenic mutants carrying insertions in the pglF or Cj1418c gene
were generated by inserting the transposon Tn552kan-Campy within the coding
sequence of each gene as described elsewhere (7). The exact positions of the
transposon insertions were determined by nucleotide sequence analysis, which
indicated that the insertions resulted in the inactivation of the respective genes.
C. jejuni strains were routinely grown on tryptic soy broth agar supplemented
with 5% sheep blood or in brain heart infusion broth at 37°C under 10% CO, or
low-oxygen conditions (GasPak Plus; BD-Diagnostic Systems, New Jersey).
When appropriate, kanamycin (50 pg ml~') was added.

Mutant complementation. A new complementation vector was constructed to
allow the constitutive expression of genes by chromosomal integration. The
Cj1553c open reading frame, which encodes a homologue of AsdM, a putative
type I restriction enzyme, was chosen as a site of integration since this gene does
not affect C. jejuni virulence (data not shown). The Cj1553c locus was PCR
amplified with the primers ROW-FWD (ACGCGTCGACTTAGGATATGCC
TGATTTT) and ROW-REV (GCTCAGACAGTTTTGATTGGATTTTA) and
cloned into the suicide vector pGK2003 (15). A chloramphenicol acetyltrans-
ferase gene (without a transcription terminator) was amplified from pRY109
(47) with the oligonucleotides DHO142 (GCTCTAGACCGTCGTCGGTATC
GTATGGAG) and DHO143 (GCTCTAGACTAGTCTCGAGCGGCCGCCT
AGGCCATGGTTATTTATTCAGCAAGTCTTGTAA) by PCR and inserted
into the single AvrlI site of Cj1553c, resulting in plasmid pSB3021. The primer
DHO143 contains multiple restriction sites (Ncol, AvrII, NotI, Xhol, and Spel)
that are unique for pSB3021, allowing the insertion of genes downstream of the
chloramphenicol acetyltransferase cassette. Therefore, these genes are coex-
pressed with the chloramphenicol resistance marker. To complement the pglF
mutant strain, the pglF gene of C. jejuni 81-176 was amplified with its own
Shine-Dalgarno sequence by using the primers DHO250 (CATGCCATGGGT
TTGTGAAATTTCAAAACTGATCTTA) and DHO251 (CCGCTCGAGTTA
TACACCTTCTTTATTGTGTTTAAATT) and cloned into the Ncol/Xhol sites
of pSB3021. The resulting plasmid was verified by sequencing and transformed
into the pglF mutant of C. jejuni 81-176. Transformants were selected on tryptic
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soy agar-blood plates supplemented with kanamycin (50 wg/ml) and chloram-
phenicol (7.5 pg/ml).

Preparation of bone marrow-derived macrophages, bacterial infections, Erk
activation assay, and cytokine measurements. 7yd88*/* and myd88~/~ mice
were sacrificed, and femurs and tibias were excised and flushed with Dulbecco
modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS),
penicillin (100 U m1™"), and streptomycin (50 pg ml~"). Cells were spun down,
resuspended in bone marrow-derived macrophage (BMDM) differentiation me-
dium (DMEM containing 20% FBS, 30% L-cell supernatant, penicillin [100 U
ml~'], and streptomycin [50 p.g ml~']), and plated on non-tissue culture-treated
10-cm plastic dishes. The cells were fed fresh BMDM differentiation medium on
day 3 to 4 to allow further differentiation until day 6 to 7. BMDMSs were then
seeded at 10° cells per well in a six-well tissue culture dish. For Erk activation
assays, BMDMs were washed three times with Hanks balanced salt solution
(HBSS), and infected with the different strains at multiplicity of infections
(MOIs) of 50 and 20 for C. jejuni and Salmonella enterica serovar Typhimurium,
respectively. At the indicated times, macrophages were lysed in sample buffer,
equal amounts of cell lysates were separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis, and the activation of Erk was analyzed by Western
immunoblotting using a monoclonal antibody specific for the phosphorylated
(activated) form of this kinase. To determine the total levels of Erk, blots were
stripped and reprobed with an antibody directed against Erk. For cytokine
measurements, BMDMs were infected with an MOIT of 100 for 1 h. The wells
were washed with HBSS, and the medium was replaced with 1.5 ml of DMEM
with 10% FBS and containing gentamicin (100 pug ml~!). Supernatants were
collected following an additional 7 h of incubation at 37°C with 5% CO, and
centrifuged for 10 min at 12,000 X g to pellet residual bacteria and cell debris.
The levels of tumor necrosis factor alpha (TNF-a) and interleukin-6 (IL-6)
were determined by enzyme-linked immunosorbent assay using a commercial
kit (BD Biosciences, Pharmingen) according to the instructions of the man-
ufacturer.

C. jejuni mouse infections. The mydS88~'~ nrampl ™'~ mouse strain was ob-
tained from S. Akira (1). This mouse has been backcrossed into a C57Black/6
background, which is nramp1~/~. The nramp1*'* derivatives of these mice were
obtained by backcrossing a wild-type nrampl allele into the same background.
Animals were backcrossed five times. The nrampl and myd88 genotypes were
confirmed by nucleotide sequencing and PCR, respectively, as previously de-
scribed (29). Sex- and age (6 to 8 weeks)-matched mice were infected orally by
stomach gavage with 10° CFU or intraperitoneally with 10® CFU of the different
C. jejuni strains. At the indicated time points, fresh feces were collected, weighed,
dissolved in brain heart infusion broth, and plated to determine the number of
CFU per gram of feces. When appropriate, animals were sacrificed, organs
removed and homogenized, and the bacterial loads in different tissues deter-
mined by serial plating on blood agar containing the appropriate antibiotics. For
mixed infections, equal numbers (10° and 10° bacterial CFU orally and intra-
peritoneally, respectively) of C. jejuni 81-176 and its isogenic mutants were
simultaneously administered to sex-matched 6-week-old myd88~'~ mice. Colo-
nization by the different strains was monitored by enumerating the number of
CFU in the feces of the inoculated animals. To differentiate between mutant and
wild-type bacteria, equal amounts of homogenized feces were plated on blood
agar plates containing Campylobacter-selective supplements (Oxoid SRO167E)
with or without kanamycin (50 g ml™"). To differentiate between the mutant
and complemented strains, total bacteria were selected for on blood agar plates
containing Campylobacter-selective supplements (Oxoid SRO167E), and the
numbers of CFU were compared to those recovered on blood agar plates con-
taining chloramphenicol (7.5 pg/ml), which select for only the complemented
stain. At the end of the experiment, mice were sacrificed and the bacterial loads
in the intestines were determined by plating on selective plates as described
above. Statistical analysis of the results was carried out with the Wilcoxon
(Mann-Whitney) rank test.

Enumeration of C. jejuni loads in BMDMs by flow cytometry. BMDMs from
wild-type and nrampl '~ mice were seeded at density of 10° cells per well on a
24-well dish and infected at an MOI of 20. Following a 1-h incubation at 37°C
and 5% CO,, the BMDMs were washed with HBSS, and DMEM containing 10%
FBS and 100 wg ml~! gentamicin was added to each well. Cells were washed
again and lysed at the designated time points in 500 wl of 0.05% sodium deoxy-
cholate in phosphate-buffered saline (PBS). The cell lysates were collected and
subjected to a low-speed spin (1,000 rpm) for 2 min to remove large cell debris.
Supernatants were collected, and intracellular bacteria were isolated by a 2-min
high-speed spin (10,000 rpm). The isolated bacterial pellet was resuspended in
500 pl filter-sterilized staining buffer (PBS containing 1 mM EDTA and 0.01%
Tween). The bacteria were then stained with the reagents of a cell viability kit
(BD Biosciences, San Jose, CA), which distinguishes live and dead cells by using
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a thiazole orange (TO) solution, which stains all bacteria, and propidium iodide
(PT), which stains only dead bacteria. TO and PI were added to final concentra-
tions of 53 nM and 11 uM, respectively, in accordance to the manufacturer’s
instructions. After 5 min of staining, bacteria were pelleted, washed once in PBS,
resuspended in 1 ml of PBS, and analyzed by flow cytometry. The absolute count
of live and dead bacteria was carried out by addition of 50 pl of a liquid
suspension of a known number of fluorescent beads (supplied in the kit from BD
Biosciences, San Jose, CA), following the manufacturer’s instructions. Samples
were analyzed on a FACScalibur flow cytometer. TO fluoresces primarily in FL1
and FL2; PI fluoresces primarily in FL3. An side-scatter threshold was used, and
cells and beads were gated using scatter and FL2, which detects the TO fluores-
cence and therefore the total bacterial population. In order to best discriminate
between live and dead populations, a plot of FL1 versus FL3 was used and live
and dead populations were gated within this plot (dead cells, FL3*; live cells,
FL1%). To determine the concentrations of the cell populations, the following
equation was used: number of events in cell region/number of events in bead
region X number of beads per test/test volume X dilution factor = concentration
of cell population. A plot was generated after using this equation to calculate the
number of viable bacteria (in triplicate wells) in both nramp1™'* and nramp1='~
BMDMs at each time point.

Macrophage transduction and fluorescence microscopy. BMDMs were iso-
lated from wild-type mouse femurs as described above. Isolated cells were spun
down and resuspended in cell supernatants containing pseudotyped recombinant
murine leukemia virus (MLV) expressing Nrampl-green fluorescent protein
(GFP) fusion protein. The Nramp1-GFP virus stocks were generated by trans-
fecting a 10-cm dish of 293 cells (50% confluence) with 4 pug pMLV GagPol, 4
g of pVSV-G along with 4 pg pLZRS encoding Nramp1-GFP, and 12 pl of
FuGENESG (Roche Diagnostics, Indianapolis, IN). At 24 hours after transfection,
cultures were split into two 10-cm dishes, and after an additional 48 h, the
virus-containing supernatants were harvested, filtered, and frozen at —80°C in 3-
to 4-ml aliquots. Transduction of BMDMs was carried out as follows. Freshly
isolated bone marrow cells were infected with the recombinant MLV for 2 h at
4°C in a rotating wheel and subsequently plated on petri dishes in BMDM-
differentiating medium for 6 to 7 days. Once differentiated, BMDMs were plated
on coverslips that were placed on 24-well culture dishes at a cell density of 10°
cells per well. Prior to bacterial infection, BMDMs were washed three times with
HBSS, infected with C. jejuni at an MOI of 10 for 30 min, washed again with
HBSS, and incubated at 37°C with 5% CO, for 1 h. After fixation in 4%
paraformaldehyde, coverslips were washed three times in PBS and incubated in
rabbit anti-C. jejuni serum for 30 min. The coverslips were then washed three
times in PBS and incubated in secondary AlexaFluor 594 goat anti-rabbit im-
munoglobulin G (Molecular Probes, Eugene, OR). After three subsequent
washes, the coverslips were mounted on glass slides. Images were acquired on a
Nikon TGE2000-U Eclipse inverted microscope fitted with a Micromax Prince-
ton digital camera controlled by the Metamorph software package, version 6.1
(Universal Imaging Corp., Downingtown, PA).

RESULTS

Impaired Erk activation and proinflammatory cytokine pro-
duction in MyD88-deficient mouse BMDMs after C. jejuni
infection. We previously reported that in cultured intestinal
epithelial cells, C. jejuni activates both the Erk and p38 mitogen-
activated protein kinase pathways leading to the production of
IL-8 (46). These responses were independent of TLR signal-
ing, since these cells express only TLRS, which is not activated
by C. jejuni flagellin, the agonist for this receptor (4, 46). To
investigate the potential involvement of TLRs in C. jejuni in-
fections, we compared Erk activation and proinflammatory
cytokine production after infection of BMDMs from wild-type
and MyD88-deficient macrophages. Erk activation and proin-
flammatory cytokine production are well-established indicators
of TLR stimulation, and MyD88 is an adaptor protein that is
essential for signaling through most TLRs (2). BMDMs were
infected with wild-type C. jejuni or an isogenic AflaA strain,
which is defective for stimulation of mitogen-activated protein
kinase activation and proinflammatory cytokine production in
intestinal epithelial cells (46). Erk stimulation was assessed at
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FIG. 1. MyD8S8 is required for C. jejuni-induced Erk activation. BMDMs obtained from myd88*/* and myd88~'~ mice were infected with C.
Jejuni (wild type or AflaA as indicated) or S. enterica serovar Typhimurium (as a positive control [35]) for the indicated times, and Erk activation
was determined by Western immunoblot analysis of cell extracts using an antibody directed to the phosphorylated (activated) form of Erk (phospho
Erk). To ascertain equal loading, blots were reprobed with an antibody directed to Erk (total Erk).

different times after infection by Western immunoblotting with
an antibody specific to the phosphorylated (activated) form of
this kinase. As shown in Fig. 1, infection with both wild-type
and Aflad C. jejuni efficiently stimulated Erk activation in
myd88™'* BMDMs. Erk activation was detected as early as 20
min after infection, and maximum stimulation was seen 40 min
after C. jejuni infection. In contrast, Erk activation was severely
impaired in myd88~'~ BMDMs at all time points after in-
fection. These observations indicate that C. jejuni stimulates
innate immune responses in macrophages through TLR sig-
naling.

We also investigated the role of MyDS8S in proinflammatory
cytokine production during C. jejuni infection. To this end, we
examined TNF-a and IL-6 secretion in myd88™/* and
myd88~'~ BMDM s at 8 h after infection with either wild-type
or AflaA C. jejuni strains. Proinflammatory cytokine produc-
tion was significantly reduced (P = 0.003 for TNF-a and P =
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0.001 for IL-6 [Student ¢ test]) in myd88 '~ macrophages in-
fected with either C. jejuni strain, demonstrating the impor-
tance of TLR signaling in the production of proinflammatory
cytokines during C. jejuni infection (Fig. 2). Taken together,
these data indicate that TLRs can recognize and mediate re-
sponses to C. jejuni during infection.

MyD88-deficient mice are efficiently colonized by C. jejuni.
The observation that MyDS8S is essential for the stimulation of
proinflammatory cytokine production of infected BMDMs in
vitro prompted us to investigate the role of this adaptor pro-
tein, and by extension the role of TLR signaling, in C. jejuni
infections in vivo. myd88™*'* and myd88 '~ mice (C57Black/6
nrampl '~ background) were inoculated orally or intraperito-
neally with 10° and 10° wild-type C. jejuni organisms, respec-
tively, and bacterial fecal shedding and colonization of differ-
ent tissues were assessed at different times after infection. C.
jejuni were detected in the feces of only a small fraction
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FIG. 2. MyD88 is required for C. jejuni-induced cytokine production. BMDM:s obtained from n1yd88*'* and myd88~'~ mice were infected with
wild-type (wt) C. jejuni or an isogenic AflaA mutant, and at 7 h after infection, the levels of TNF-a (A) and IL-6 (B) were determined as indicated
in Materials and Methods. Values represent the means * standard deviations of three independent measurements and were standardized by
considering the stimulation of myd88™'* mice by wild-type C. jejuni to be 100%.
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FIG. 3. MyD88-deficient mice are efficiently colonized by C. jejuni. myd88™'* and myd88~'~ mice were inoculated orally or intraperitoneally
(IP) with the C. jejuni 81-176 wild-type strain. Colonization was evaluated by determining the number of CFU in the feces at different times after

infection. Each circle denotes the CFU of an individual animal.

(~30%) of the myd88™*'* mice at 1 week after inoculation by
either route (Fig. 3). This is consistent with previous observa-
tions indicating that C. jejuni is inefficient at colonizing mice
(49). In contrast, C. jejuni was detected in the feces of most
(~80%) of the myd88~'~ mice after oral or intraperitoneal
inoculations (Fig. 3). At 2 and 3 weeks after infection, the
detection of C. jejuni in the feces of myd88*'* animals de-
creased sharply, and bacteria could be detected in only 1 out of
8 and 1 out of 15 intraperitoneally or orally inoculated animals,
respectively. In contrast, the number of myd88~'~ mice shed-
ding C. jejuni remained steady, and the actual number of bac-
teria per gram of feces was much higher than that in the very
few wild-type-colonized animals (Fig. 3). Taken together, these
data suggest that MyD88 and, by extension, TLR signaling play
a critical role in controlling intestinal colonization by C. jejuni.

We also investigated the presence of C. jejuni in different
organs of myd88*'* and myd88~'~ animals following oral or
intraperitoneal inoculation. Significant numbers of bacteria
were recovered from spleens, livers, and mesenteric lymph
nodes from all myd88~'~ mice after both oral and intraperito-
neal inoculation (Fig. 4). Systemic tissues were more readily
colonized after systemic inoculation, and bacterial loads were
always higher in the liver than in any other systemic tissue.
Three weeks after bacterial inoculation, large numbers of bac-
teria were still present in all tissues of most orally or intraperi-
toneally inoculated myd88~/~ mice. In contrast, much lower
numbers of bacteria were recovered from only some of the
myd88*'" animals 1 week after oral or intraperitoneal inocu-
lation (Fig. 4). The number of bacteria isolated from nyd88™/*
animals steadily decreased over time, and by the third week of
infection, all but one animal had apparently cleared the infec-
tion and no bacteria were detected in any of the tissues exam-
ined (Fig. 4).

To examine whether intestinal colonization leads to pathol-
ogy, we examined the histopathology of intestines and livers
obtained from C. jejuni-colonized nyd88 '~ animals. Despite
the presence of large bacterial loads (as detected by plating of
tissue lysates), no pathology was detected in any of the animals
examined (data not shown). This observation is consistent with
the fact that no symptoms were detected in any of the infected
animals inoculated by either route. Taken together, these re-
sults indicate that in the absence of MyDS88, C. jejuni is able to
infect and stably colonize the mouse intestine and systemic
tissues, most prominently the liver. Furthermore, since MyD8&8
is critical for TLR signaling, these results indicate that TLRs
play an important role in the control of C. jejuni infections.

Nrampl deficiency increases susceptibility to C. jejuni infec-
tion. The murine Nrampl protein has been implicated in re-
sistance to the intracellular pathogens Salmonella spp., Myco-
bacterium spp., and Leishmania spp. (10). Although it has been
shown that Nrampl is a divalent cation transporter (22), how
this function relates to resistance to infection is still unclear.
We sought to investigate whether Nramp1 influences the abil-
ity of C. jejuni to colonize myd88~/~ mice. Intraperitoneally
inoculated myd88~'~ nrampl '~ mice shed large amounts of
C. jejuni in their feces for at least 3 weeks after inoculation. In
contrast, no CFU were detected in the feces of myd88~/~
nrampl ™" mice after intraperitoneal inoculation (Fig. 5).
Consistent with these results, at 3 weeks after intraperitoneal
inoculation, no C. jejuni CFU were detected in the livers and
intestines of myd88 '~ nrampl™*'* mice, while large numbers
of C. jejuni CFU were obtained from the same tissues of
myd88~'~ nrampl~'~ mice (Fig. 5).

In contrast to the differences observed after intraperitoneal
inoculations, no significant differences (P > 0.8) were observed
in the levels of C. jejuni colonization of myd88~'~ nrampl ™'~
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FIG. 4. C. jejuni colonizes the systemic tissues of MyD88-deficient mice. myd88™*/* and nyd88~'~ mice were inoculated orally or intraperito-
neally (IP) with the C. jejuni 81-176 wild-type strain. At different times after infection, the numbers of C. jejuni CFU in the spleen (SP) (squares),
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tissue lysates. Each symbol represents the CFU of an individual animal.

and myd88 '~ nrampl*'* mice after oral infection. Equivalent
numbers of C. jejuni CFU were recovered from feces of orally
inoculated myd88~'~ nrampl™'~ and myd88~'~ nrampl™'*
mice (Fig. 6). Furthermore, equivalent numbers of CFU
were also recovered from intestines and livers of myd88~/~
nrampl '~ and myd88~'~ nrampl™’" mice at 3 weeks after

plays an important role in the control of C. jejuni after systemic
infection but does not seem to influence the course of infection
after oral inoculation.

Since Nrampl is expressed exclusively in cells of the reticu-
loendothelial system (10), we compared the ability of C. jejuni
to infect and survive within BMDMs obtained from nrampl '~

oral inoculation (Fig. 6). These results indicate that Nrampl and nrampl™’* mice. BMDMs obtained from nrampl '~ and
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nrampl ™™ mice were infected with wild-type C. jejuni, and the

viable bacterial loads were measured over time either by de-
termining the CFU on cultured plates or by flow cytometry
using live versus dead staining as indicated in Materials and
Methods. The number of viable C. jejuni organisms decreased
markedly over time in BMDMs obtained from either strain,
although significantly higher numbers of CFU were reproduc-
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ibly recovered from BMDMs derived from nrampl '~ mice at
earlier times of infection (Fig. 7) (P = 0.008 at 2h and P = 0.01
at 4 h of infection [Student ¢ test]). The differences were no
longer statistically significant at 8 h of infection. It is possible
that the high sensitivity of C. jejuni to macrophage killing may
diminish the potential effect of Nrampl in this assay. We then
tested whether Nrampl could be recruited to the C. jejuni-
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FIG. 7. The absence of Nramp1 results in an increased ability of C. jejuni to survive within macrophages. BMDMs obtained from nrampl™'*
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mice were infected with C. jejuni, and at different times after infection, the number of intracellular CFU was determined by the

gentamicin protection assay (A). The relative survival index (B) represents the ratio between CFU obtained from nrampl™*'* and CFU obtained
from nrampl~'~ mouse macrophages. Alternatively, viable bacteria were enumerated by flow cytometry (C) as indicated in Materials and Methods.
The relative survival index obtained by this method is shown in panel D. Values represent the means * standard deviations of three independent

determinations.
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FIG. 8. Recruitment of Nrampl to the C. jejuni-containing vacuole. Mouse BMDMs were transduced with a vector encoding Nrampl1 fused to
GFP. At 24 h after transduction, cells were infected with C. jejuni, and 60 min after infection, cells were fixed, stained with an anti-C. jejuni
antibody, and visualized by fluorescence microscopy as indicated in Materials and Methods.

containing vacuole. We transduced BMDMs with recombinant
MLV expressing GFP-tagged Nrampl and examined its re-
cruitment to the C. jejuni-containing vacuole over time. As
shown in Fig. 8, consistent with a possible involvement of
Nrampl in C. jejuni infections, Nrampl-GFP was readily re-
cruited to the C. jejuni vacuole. Taken together, these results
implicate Nrampl in conferring resistance to C. jejuni in a
mouse model of infection, adding this pathogen to the limited
list of microorganisms whose biology is influenced by this
transporter.

Infection of myd88~'~ mice can resolve colonization defects
in virulence-attenuated mutants of C. jejuni. The observation
that wild-type C. jejuni can stably colonize MyD88-deficient
mice prompted us to examine whether this infection model
could be used to detect colonization defects in C. jejuni viru-
lence mutants. We chose to examine the effect of insertion
mutations in pglF, a member of a well-characterized locus that
encodes a general glycosylation system (31, 44), or in Cj1418c,
a member of a gene cluster involved in the synthesis of the
extracellular polysaccharide capsule (5, 26, 27). C. jejuni strains
carrying mutations in either of these genes (or gene clusters)
have been shown to be defective in several in vitro and in vivo
virulence assays. We inoculated myd88 '~ mice orally or in-
traperitoneally with equal numbers of wild-type C. jejuni and
its isogenic pglF or Cj1418c mutant strain and examined the
presence of the different strains in the feces of infected animals
over time. Although significant numbers of wild-type C. jejuni
CFU were detected in the feces of three out of four of the
orally or intraperitoneally infected mice at 1 and 2 weeks after
inoculation, no CFU of the pg/F mutant strains were detected
in any of the inoculated animals (Fig. 9). The mutant pheno-
type was readily complemented by the reintroduction of the
wild-type allele (Fig. 9). Similarly, only one of four mice
showed the presence of the Cjl418c mutant in the feces of

intraperitoneally or orally inoculated mice at 3 weeks after
infection (Fig. 9). Consistent with these observations, at 3
weeks after oral or intraperitoneal inoculation, significant lev-
els of wild-type C. jejuni or the complemented pg/F mutant
strain were detected in the intestines of all the animals and in
the livers of all but three of the inoculated animals. In contrast,
no CFU of the pg/lF mutant strain were recovered from any
tissue, and significantly lower levels of the ¢j1418 mutant were
detected only in the intestines of one and two of the intraperi-
toneally or orally infected animals, respectively (Fig. 9). Taken
together, these results indicate that both the pglF and Cj1418
mutants are defective in colonization in this animal model.
Furthermore, these results indicate that the MyD88-defective
mouse can be used to detect phenotypes of virulence-defective
mutants of C. jejuni.

DISCUSSION

TLRs have been shown to be very important for the detection
of microbial products and the coordination of the innate immune
responses to many microbial pathogens (2, 33). Consistent with
this observation, mice defective in MyD88, which is essential for
signal transduction through most TLRs, are more susceptible to
infection by several microbial pathogens (6, 8, 36, 39). We have
shown here that MyDS8S is also essential for the stimulation of
innate immunity outputs by C. jejuni. Consistent with this conclu-
sion, C. jejuni did not stimulate innate immunity responses in
BMDMs from myd88~'~ mice. Furthermore, in contrast to wild-
type mice, myd88 '~ mice could be stably colonized by wild-type
C. jejuni after oral or intraperitoneal administration. C. jejuni
CFU were readily detected in different tissues, such as spleen,
liver, intestine, and mesenteric lymph nodes, most often in high
numbers. However, despite the high bacterial load, infected mice
showed no symptoms. Consistent with this observation, infected



VoL. 75, 2007

MyD88 AND Nrampl IN C. JEJUNI INFECTION

2001

10000000 Week 1 Week 2
1000000 =
100000{ p op
10000{ H, o
1000 &
o 100
£ 10
\5 1
£ 0+———eees——00000
£ 10000000
S 1000000 a
S 100000 © d
& 100000 o B 4
1000{ A, 2= =
100 e
10
1
0—5—%——-—%
A\ Y
&
[ ‘§< [ &
o Q & P
Intestine Liver
e ORAL_IP ORAL
1000000
100000{ o E 8 e
g ; :
10000
g o
) 1000{ @ o
3 g o
2 100{ 8 o
o 10
1
00— - - -EEEEI%
B o I L S
-z\‘} Q-'\}:b -Ef\\:' Q-fp -e«\‘) ({-‘_-/a -e,\‘> ({_?33‘.-
Y T OV T Y o oS o
PP T d o
10000000 Day2 Day4 Day7 Day9 Dayl4
€ 1000000 o
|
£ 100000 & o B (& |
o m O o g
e 10000{ @ © | o m B
s 1000 8|0 a|®B®|aglao°
iy 100 Q
© 10
U
1
0 -8R —— 858
. & @Q\*'ao @0,@(\ & &
& @ B B O P X
_\*_'b(\ q x@(\ Q N@(\ QQ’ _‘_'b(\ _\@(\ q
& & & & NG
P P P & P

10000000 Week 1 Week 2 Week 3
1000000 o
100000{ © B
10000{ O o N
1000] g C o o |=
§ 100 o H
£ 10
Ha 1
= ol g el wowel w s
£ 10000000
@ 1000000
S 100000 o
G 10000 BB @ g & 2
1000 o =
100 9
10
1
o] N - —o 000
& £ & S & S
B T
O S LR et
& Ak &k & A
4 o) 1)
Intestine Liver
10900000r 5 ORAL [P ORAL
1000000 o
g i
< 100000 g b
S 10000 o
§ @ o
S 1000 2 la o
a
2 100{ 8 o o -
10
1
0 \ W _\Cﬂ =
TR N LT O A S
B P i L G S
GV Y8 O Y W
Sk Ak S o
& & & &
10000000- Intestine  Liver
ORAL  |ORAL
1000000
100000 ﬁ o
= o
S 10000{ D
2 = o
z ) 1000 ”
o E 100. o
L]
10
1
0 m===iaseal
& O F
S
W oY X
o P NG P
e &
P P

FIG. 9. C. jejuni virulence mutants are defective for colonization of MyD88-deficient mice. myD88~/~ mice were inoculated orally or
intraperitoneally (IP) with equal numbers of the C. jejuni 81-176 wild-type (wt) strain and its isogenic derivatives carrying mutations in pglF or
Cj1418c. Colonization was evaluated by determining the number of CFU in the feces at different times after infection (A and B). Each circle or
square denotes the CFU obtained from an individual animal. Colonization of systemic tissues was evaluated at 3 weeks after infection by
determining the number of C. jejuni CFU in the liver and intestine (C and D). To test the complementation of the pg/F mutant, nyd88~'~ mice
were inoculated orally with equal numbers of the C. jejuni 81-176 pglF::kan mutant strain and its complemented derivative [pglF::kan(+pglF)] (E
and F). Each circle or square denotes the CFU obtained from an individual animal.

tissues showed no discernible histopathology. These results indi-
cate that TLRs are important in the control of C. jejuni coloni-
zation, both of the intestine and of systemic tissues.

C. jejuni research has been hampered by the lack of a con-
venient animal model (49). Although primates or ferrets are
good animal models for C. jejuni infection (9, 13, 40, 41), they

have some practical disadvantages related to their expense
and/or difficulties in their handling or availability. In general,
mice constitute the most convenient animal species for the
study of microbial pathogens, fundamentally because of the
availability of mutant lines, which allow the investigation of
very specific aspects of host-pathogen interactions. Adult im-
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munocompetent mice are not generally susceptible to C. jejuni
infection, and although they can be transiently colonized, the
model is not robust enough to be useful in pathogenesis or
colonization studies (49). Certain mutations leading to immu-
nodeficiencies have been shown to increase the susceptibility
of mice to C. jejuni infection (12, 19, 32). However, the use-
fulness of these models is somewhat limited by the fact that
these mice are in general difficult to maintain. Our observation
that myd88~'~ mice can be persistently colonized by C. jejuni,
prompted us to test whether this infection model would be
robust enough to detect the phenotypes of C. jejuni mutants
that have been shown to be defective for colonization in other
animal models. We showed that C. jejuni strains carrying mu-
tations in genes required for exopolysaccharide synthesis
(Cj1418c) or general glycosylation (pglF), which have been
previously shown to be required for colonization or virulence
in other models (5, 25, 42), failed to colonize myd88~'~ mice.
These results indicate that the myd88 '~ mouse could be a
useful model for the study of C. jejuni colonization.

During the course of these studies, we made the surprising
observation that the presence or absence of Nramp1 influences
the susceptibility of mice to C. jejuni colonization. Nrampl is a
divalent cation efflux pump localized to the phagosome mem-
brane of neutrophils and macrophages, which has been shown
to control the susceptibility of mice to a diverse but limited
group of intracellular pathogens, such as Leishmania spp., My-
cobacterium spp., and Salmonella enterica (10). Although the
mechanism by which this transporter influences the suscepti-
bility of mice is not well understood, studies have suggested
that recruitment of Nramp1 to phagosomes modulates its fuso-
genic properties (10). In addition, since Nramp1 functions as
an efflux pump of divalent cations, including Zn*", Cu?",
Fe?", and Mn?", it has been suggested that its bactericidal
activities may be associated with its potential ability to remove
these rate-limiting nutrients. Nramp1-deficient mice exhibited
increased susceptibility to colonization by C. jejuni when ad-
ministered systemically. This observation suggests that when
orally administered, C. jejuni replicates extracellularly or col-
onizes a compartment which does not express Nrampl. In-
deed, C. jejuni has been shown to colonize intestinal mucus
both on the outer surface and deep within the intestinal crypts
of gnotobiotic or germfree mice (30). Furthermore, although
C. jejuni is able to enter intestinal epithelial cells (37, 43),
Nrampl is not expressed in these cells. Nrampl has been
exclusively shown to influence the resistance to pathogens that
have an intracellular stage within their life cycle (10). There-
fore, the observation that Nramp1 influences the biology of C.
jejuni infection suggests that this pathogen must also have an
important intracellular stage at some point during its life cycle.

In summary, we have shown that in the absence of MyDSS,
mice can be persistently colonized by C. jejuni and that this
infection model can be used to study the contribution of spe-
cific bacterial genes to this phenotype. Furthermore, this in-
fection model has revealed a potential role of Nrampl in the
control of C. jejuni infections.
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