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Campylobacter infection in humans is accompanied by severe inflammation of the intestinal mucosa, in
contrast to colonization of chicken. The basis for the differential host response is unknown. Toll-like receptors
(TLRs) sense and respond to microbes in the body and participate in the induction of an inflammatory
response. Thus far, the interaction of Campylobacter with chicken TLRs has not been studied. Here, we
investigated the potential of four Campylobacter strains to activate human TLR1/2/6, TLR4, TLRS, and TLR9
and chicken TLR2t2/16, TLR4, TLRS, and TLR21. Live bacteria showed no or very limited potential to activate
TLR2, TLR4, and TLRS of both the human and chicken species, with minor but significant differences between
Campylobacter strains. In contrast, lysed bacteria induced strong NF-kB activation through human TLR1/2/6
and TLR4 and chicken TLR2t2/16 and TLR4 but not via TLRS5 of either species. Interestingly, C. jejuni induced
TLR4-mediated beta interferon in human but not chicken cells. Furthermore, isolated chromosomal Campy-
lobacter DNA was unable to activate human TLRY in our system, whereas chicken TLR21 was activated by DNA
from all of the campylobacters tested. Our data are the first comparison of TLR-induced immune responses
in humans and chickens. The results suggest that differences in bacterial cell wall integrity and in TLR
responses to Campylobacter LOS and/or DNA may contribute to the distinct clinical manifestation between the

species.

Campylobacter jejuni, a Gram-negative highly motile bacte-
rium, is a major cause of intestinal enteritis in humans (2). The
infection of the gut is accompanied by high numbers of infil-
trating neutrophils, loss of epithelial barrier integrity, and a
watery or bloody diarrhea (7, 57). The inflammatory pathology
suggests a strong induction of innate immune responses. In-
deed, experimental infection of several types of human tissue
culture cells has demonstrated the potential of Campylobacter
to initiate a range of immune responses. For instance, intesti-
nal INT407 and T84 cells respond to C. jejuni by producing
cytokines interleukin-8 (IL-8) and/or tumor necrosis factor al-
pha (TNF-a) (4, 8, 20, 25, 58, 60), whereas infected THP-1
monocytes and dendritic cells secrete an even broader range of
cytokines (23, 26). Although some reports clearly show the
requirement of the cytolethal distending toxin and/or bacterial
invasion for cytokine responses (21, 25), most of the observed
responses seem independent of these traits.

Chickens are considered to be the main source of human
Campylobacter infection. Campylobacter colonization of chick-
ens is rapid and widespread, and results in long-term persis-
tence and shedding (5, 33). Although large numbers of bacteria
are in close contact with the epithelial cell layer of particularly
the ceca, no intestinal inflammation is seen in these birds (13),
in clear contrast to humans. Despite the lack of pathology,
several reports have shown induction of immune-associated
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gene and protein expression after Campylobacter colonization
of chicken. Analysis of isolated chicken tissue displayed an
increase in cytokine expression (48) and circulating monocytes/
macrophages (38), and several different types of chicken cells
produce or upregulate cytokines during in vitro infection (32,
34, 49).

Innate immune responses against infectious microbes are for
a large part mediated by the activation of Toll-like receptors
(TLRs) (31). TLRs are a group of membrane receptors that
safeguard the host-microbe boundaries by sensing conserved
microbial patterns (41). Bacteria are mainly sensed by TLR2/
1/6, TLR4/MD-2, TLRS, and TLRY that detect lipoproteins,
lipopolysaccharide (LPS), flagellin, and DNA, respectively. Af-
ter TLR activation, a signaling cascade involving the adapter
proteins MyD88 (all TLRs but TLR3) or TRIF (TLR3 and
TLR4 only) results in the activation and the translocation of
nuclear transcription factors such as NF-kB and IRF3, which
in turn induce the transcription of cytokines and other immune
genes (1).

C. jejuni initiates both MyD88 and TRIF-dependent im-
mune responses through the activation of human TLR2 and
TLR4 (17, 43), whereas stimulation of human TLR9 only re-
sulted in low levels of IL-8 secretion (12). Furthermore, C.
jejuni is unable to activate human TLRS (3, 58). The potential
of Campylobacter to activate TLRs of the chicken has thus far
not been explored. Identification and characterization of the
chicken TLRs revealed major species-specific characteristics.
For instance, the chicken TLR2 complex does not seem to
distinguish between different lipoproteins in contrast to its
human counterpart (22, 28), whereas chickens lack TLRY but
express the unique DNA-sensing TLR21 (9; A. M. Keestra et
al., unpublished data). Reports on differences in Campy-
lobacter-induced (innate) immune responses between humans
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TABLE 1. RT-PCR primers and probes used in this study

Gene (species) Primer (orientation) or probe

Sequence (5'-3")

Forward
Reverse
Probe

B-actin (human)

IL-1B (human) Forward
Reverse
Probe
IL-8 (human) Forward
Reverse
Probe
IFN-B (human) Forward
Reverse
Probe

Forward
Reverse
Probe

GAPDH (chicken)

IL-1B (chicken) Forward
Reverse

Probe

Forward
Reverse
Probe

IL-8 (chicken)

IFN-B (chicken) Forward
Reverse

Probe

ACCGAGCGCGGCTACAG
CTTAATGTCACGCACGATTTCC
(FAM)-TTCACCACCACGGCCGAGC-(TAMRA)

CGAATCTCCGACCACCACTAC
TCCATGGCCACAACAACTGA
(FAM)-AGGGCTTCAGGCAGGCCGC-(TAMRA)

CTGGCCGTGGCTCTCTTG
CCTTGGCAAAACTGCACCTT
(FAM)-CAGCCTTCCTGATTTCTGCAGCTCTGTGT-(TAMRA)

TTCTCCACGACAGCTCTTTCC
CACTGACAATTGCTGCTTCTTTG
(FAM)-TGAGCTACAACTTGCTTGGATTCC-(TAMRA)

GCCGTCCTCTCTGGCAAAG
TGTAAACCATGTAGTTCAGATCGATGA
(FAM)-AGTGGTGGCCATCAATGATCCC-(TAMRA)

GCTCTACATGTCGTGTGTGATGAG
TGTCGATGTCCCGCATGA
(FAM)-CCACACTGCAGCTGGAGGAAGCC-(TAMRA)

GCCCTCCTCCTGGTTTCAG
CGCAGCTCATTCCCCATCT
(FAM)-TGCTCTGTCGCAAGGTAGGACGCTG-(TAMRA)

ACAACTTCCTACAGCACAACAACTA
GCCTGGAGGCGGACATG
(FAM)-TCCCAGGTACAAGCACTG-(TAMRA)

and chickens are scarce and somewhat contradictory. Larson et
al. showed differences in the amount of IL-8 induction and
secretion between C. jejuni-infected human INT407 cells and
chicken LMH cells (32), whereas Borrmann et al. reported
similar levels of IL-8 upregulation when comparing INT407
and chicken PIC cells (8). In the present study, we for the first
time directly compared the potential of Campylobacter to ac-
tivate individual human and chicken TLRs. Although the ma-
jority of TLRs responded similarly to four different Campy-
lobacter strains, chicken TLR21, but not human TLRY, was
activated by Campylobacter chromosomal DNA. In addition,
Campylobacter was unable to activate MyD88-independent
IFN-B transcription via TLR4 signaling in the chicken. Inter-
estingly, live Campylobacter showed no or weak activation of
TLRs of both species, suggesting that in vivo differences in
bacterial integrity may also influence the innate immune re-
sponse.

MATERIALS AND METHODS

Bacteria, cell lines, and reagents. C. jejuni strains 81116 (42), GB18 (14), and
RM1221 (40) and the Campylobacter coli strain H1 (a fresh chicken isolate) were
routinely cultured on plates with 5% saponin-lysed horse blood (Biotrading) at
37°C under a microaerophilic atmosphere of 10% CO,, 5% O,, and 85% N,.
Liquid cultures were grown under the same conditions in heart infusion (HI)
broth (Biotrading). Human Mono Mac 6 (MM6) monocytic cells (61) and
chicken HD11 macrophages (6) were propagated in RPMI (Invitrogen) supple-
mented with 10% heat-inactivated fetal calf serum (FCS) under 5% CO, at 37°C.
HeLa 57A cells containing a stably transfected NF-«B luciferase reporter plas-
mid (45), and HEK293 cells were cultured in Dulbecco modified Eagle medium
(DMEM; Invitrogen) supplemented with 5% heat-inactivated FCS under 10%
CO, at 37°C. The TLR ligands FSL-1, Pam;CSK,, poly(I:C), and ODN 2006

were purchased from Invivogen. Highly purified LPS from Salmonella enterica
serovar Enteritidis 90-13-706 and highly purified lipooligosaccharide (LOS) from
C. jejuni 81116 were isolated as described previously (30). Flagellin from serovar
Enteritidis was purified as described previously (24).

Preparation of live and lysed Campylobacter. Campylobacter starter cultures
were inoculated in 5 ml of HI broth from saponin plates grown for 48 h at 37°C.
After 6 to 8 h of incubation (37°C, shaking at 160 rpm), starter cultures were used
to inoculate fresh cultures at a starting optical density at 550 nm (ODss,) of
0.00125 in 10 ml of HI broth to virtually exclude the presence of dead bacteria
from the plates. After 17 h of growth, bacteria reached an ODss, of ~1.0,
corresponding to 2 X 10° CFU ml~". Then, 1 ml of this suspension was pelleted
by centrifugation (5,000 X g, 10 min, 22°C), washed twice with Dulbecco phos-
phate-buffered saline (DPBS), and resuspended in DPBS to a final ODss5 of 1.0.
Live bacteria were analyzed by using the Live/Dead BacLight kit (Invitrogen)
and were only used if the percentage dead bacteria was <0.5%. Then, 1 ml of the
suspended bacteria was heat killed at 65°C for 30 min and subsequently sonicated
on ice (a 15-s pulse followed by a 30-s pause, repeated six times) to further
release TLR ligands.

RT-PCR. MM6 and HD11 cells were cultured in 12-well plates overnight to a
confluence of ~80%. Live or dead bacteria were added at a multiplicity of
infection (MOI) of 100. After 2 h of incubation (37°C, 5% CO,), the cells were
washed twice with DPBS to remove the cell culture medium and bacteria. RNA
from MMG6 cells was isolated by using an RNeasy minikit (Qiagen), and RNA
from HD11 cells was isolated by using RNA-Bee (Bio-Connect), both according
to the manufacturer’s protocol. Prior to reverse transcription-PCR (RT-PCR),
the RNA was treated with 1 pg of DNase (Fermentas) per pg of RNA for 30 min
at 37°C, after which the DNase was inactivated by heating at 65°C for 10 min in
the presence of EDTA (2.5 mM, final concentration). Primers (Invitrogen) and
probes (Table 1) were designed by using Primer Express software (Applied
Biosystems). Probes, labeled with the reporter dye carboxyfluorescein (FAM)
and the quencher tetramethyl-6-carboxyrhodamine (TAMRA), were either pur-
chased from Isogen Life Science (chicken GAPDH [glyceraldehyde-3-phosphate
dehydrogenase], IL-1B, IL-8 [also known as CXCLi2], iNOS, and beta interferon
[IFN-B]) or Eurogentec (human B-actin, IL-1B, IL-8 [CXCLS8], and IFN-B).
RNA transcript levels were determined by quantitative RT-PCR with an ABI
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Prism 7000 sequence detection system (Applied Biosystems) using a One Step
RT-PCR MasterMix kit for probe assays (Eurogentec). Per reaction, 50 ng of
DNase-treated RNA was used. Real-time cycler conditions and normalization
against housekeeping genes B-actin (HD11) and GAPDH (MMG6) were as de-
scribed previously (30).

Chromosomal DNA isolation. Chromosomal DNA was isolated from Campy-
lobacter grown in 100 ml of HI broth at 37°C overnight using CTAB (cetyltrim-
ethylammonium bromide). Briefly, bacteria were pelleted by centrifugation and
resuspended in 9.5 ml of TE buffer (10 mM Tris-HCI [pH 7.4], 1 mM EDTA [pH
8.0]). Bacteria were lysed by adding 1 pg of proteinase K and 0.5 ml of 10%
sodium dodecyl sulfate, followed by incubation at 37°C for 1.5 h. Subsequently,
1.8 ml of NaCl (5 M) and 1.5 ml of 10% CTAB in 0.7 M NaCl were added, and
the mixture was incubated at 65°C for 20 min. DNA was extracted into the
aqueous phase after the addition of an equal volume of chloroform-isoamyl
alcohol (24:1). After centrifugation (6,000 X g, 10 min, 22°C), the aqueous phase
was mixed with an equal volume of phenol-chloroform-isoamyl alcohol (25:24:1)
and again centrifuged. DNA was precipitated from the aqueous phase with 0.6
volumes of isopropanol and collected by centrifugation (5,000 X g, 5 min, 22°C).
The DNA pellet was washed with 5 ml of 70% ethanol, air dried, and resus-
pended in H,O. DNA concentration was determined by measuring the absorp-
tion at 260 nm.

Transfection. HeLa 57A cells and HEK293 cells were grown overnight to a
confluence of ~60%. Individual wells were transfected with a total amount of
250 ng of plasmid DNA mixture using FuGENE-6 (Roche) at a lipid/DNA ratio
of 3:1. Plasmids encoding the human and chicken TLRs and adapter proteins
were obtained as described previously (28-30). Human TLR1, TLR2, TLR4, and
TLRY and chicken TLR4 and TLR21 were expressed with their natural leader
peptide, and chicken TLR2t2, TLRS, and TLR16 and human TLR5 were ex-
pressed with the pFLAG-CMV1 preprotrypsin leader peptide for secreted pro-
teins. Combinations of the following plasmids were transfected: human TLR2,
human TLR1, human CD14, and LacZ (62.5 ng per plasmid per well); chicken
TLR2t2, chicken TLR16, human CD14, and LacZ (62.5 ng per plasmid per well);
human TLR4, human MD-2, human CD14, and LacZ (62.5 ng per plasmid per
well); chicken TLR4, chicken MD-2, human CD14, and LacZ (62.5 ng per
plasmid per well); human TLRS and LacZ (125 ng per plasmid per well); chicken
TLRS5 and LacZ (125 ng per plasmid per well); human TLR9 and LacZ (125 ng
per plasmid per well); and chicken TLR21 and LacZ (125 ng per plasmid per
well). Cells were incubated with a DNA-FuGENE-6 mixture for 48 h. Prior to
stimulation, medium was replaced with fresh DMEM-5% FCS.

Stimulation and luciferase measurement. Individual wells were stimulated
with 2.5 x 107 live or lysed bacteria, 30 g of chromosomal DNA ml™!, 20 ng of
LPS ml™!, 100 ng of Pam;CSK, ml~!, 100 ng of FSL-1 ml™!, 1 pg of flagellin
ml™", or 0.5 uM ODN 2006. After 5 h of stimulation, the cells were washed twice
with 0.5 ml of DPBS and lysed in 100 pl of RLB buffer (Promega) at —80°C. The
luciferase activity in thawed lysates was measured in a luminometer (TD-20/20;
Turner Designs) using luciferase reagent (Promega). To normalize transfection
efficiency, the luciferase results were corrected with LacZ values determined with
a B-galactosidase assay (Promega). Statistical analysis was performed by using a
paired ¢ test with GraphPad Prism 5 software, where a two-tailed P of <0.05 was
considered significant. All experiments were performed three times indepen-
dently. Chromosomal DNA from all four Campylobacter strains was prepared
twice.

RESULTS

Human cytokine responses toward live and disrupted C.
Jejuni. Prior to testing the activation of TLRs by Campy-
lobacter, we assessed the effect of C. jejuni strain 81116 on
human MM6 monocytic cells. As host cells likely encounter
both live and disrupted C. jejuni during the course of infection,
we determined the ability of both viable and lysed C. jejuni to
induce innate immune responses. Highly sensitive RT-PCR on
isolated RNA was performed to be able to measure early
changes (2 h) in IL-1B and IL-8 gene transcription. MM6 cells
were infected with live or lysed C. jejuni strain 81116 at an MOI
of 100 (5 X 107 CFU ml™*). No significant reduction in viable
bacteria was noticed during the period of infection (data not
shown). As a positive control, cells were activated by the ad-
dition of 1 pg of purified serovar Enteritidis LPS ml~". This
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FIG. 1. Induction of IL-1B and IL-8 by live and disrupted C. jejuni.
MMB6 cells (A) and chicken HD11 cells (B) were stimulated for 2 h
with 5 X 107 CFU of live or lysed C. jejuni strain 81116 ml~'. As a
positive control, 1 pg of LPS from serovar Enteritidis was used. IL-1B
and IL-8 transcripts were analyzed by RT-PCR and are presented as
the fold increase mRNA levels after stimulation compared to non-
stimulated cells. Live Campylobacter induced statistically significant
levels of IL-1B and IL-8 mRNA in MM6 cells (P < 0.05), whereas in
HD11 cells only the induction of IL-1f was statistically significant (P <
0.05). Stimulation of MM6 and HD11 cells with lysed Campylobacter
resulted in significantly higher levels of IL-18 and IL-8 mRNA com-
pared to mock stimulation or stimulation with live bacteria (P < 0.05).
Values are means * the standard errors of the mean (SEM) of three
independent experiments.

approach demonstrated that live C. jejuni induced minimal
upregulation of human IL-1p transcript (~4-fold increase). In
contrast, lysed C. jejuni increased the level of IL-1B transcript
by factor ~175 (Fig. 1A). Similarly, live C. jejuni increased
human IL-8 transcript by ~16-fold, whereas disrupted bacteria
induced an ~125-fold increase in IL-8 mRNA (Fig. 1A). These
results indicate that C. jejuni strain 81116 is capable of induc-
ing a powerful innate immune response in human monocytes,
particularly once the bacteria disintegrate.

Chicken cytokine responses toward live and lysed C. jejuni.
Since chickens can be colonized heavily by Campylobacter with-
out obvious signs of pathology, we next investigated chicken
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FIG. 2. Activation of human and chicken TLR2 by Campylobacter. HeLa 57A cells expressing human TLR2, TLR1, TLR6, and CD14 (A and
B) or chicken TLR2t2, TLR16, and human CD14 (C and D) were stimulated with live or disrupted C. jejuni strain 81116, GB18, or RM1221 or
C. coli strain H1 for 5 h. Cells transfected with control vector were stimulated simultaneously to ensure TLR-specific NF-«kB activation. Pam;CSK,
(100 ng/ml) and FSL-1 (100 ng/ml) were used as positive controls. Values are the percent induction of NF-kB activation after stimulation with the
positive control and are means = the SEM of three independent experiments. The P values for human and chicken TLR2 responses were as
follows: live Campylobacter versus control, not significant; lysed Campylobacter versus control, P < 0.05; lysed versus live Campylobacter, P < 0.05.

HD11 macrophages for cytokine expression after infection
with C. jejuni. We used similar conditions as described for the
MMBG6 cells, except that primer pairs were optimally adapted to
the chicken cytokine gene sequences. In these assays both
viable and lysed C. jejuni increased IL-18 and IL-8 mRNA
levels (Fig. 1B). Again, the cellular response to disrupted C.
Jejuni was significantly stronger than observed for live micro-
organisms (Fig. 1B), although the difference was markedly
smaller than observed for the MM6 cells. Overall, the results
indicate that C. jejuni strain 81116 activates both human and
chicken immune innate genes and that bacterial cell wall in-
tegrity is an important determinant of the magnitude of the
response in both species.

Disrupted but not live Campylobacter activate both human
and chicken TLR2. To investigate the contribution of individ-
ual TLRs to the Campylobacter innate immune response in
humans and chickens, we first tested the ability of live and
lysed bacteria to activate the TLR2 complex of both species.
Humans recognize bacterial di- and triacylated lipoproteins by
the combinations TLR2-TLR6 and TLR2-TLR1, respectively.
HeLa 57A cells, which endogenously express TLR6, were trans-
fected with human TLR2 together with TLR1 and stimulated
with 5 X 107 CFU ml~! (MOI of 100) live or lysed Campylobacter.

We tested four different Campylobacter strains—C. jejuni 81116,
C. jejuni GB18, C. jejuni RM1221, and C. coli H1—to reduce
possible strain-specific effects. Cellular activation was mea-
sured using the NF-«B luciferase reporter that is stably ex-
pressed in HeLa 57A cells. Viable bacteria of none of the
strains significantly activated NF-kB compared to control
transfected cells after 5 h of infection (Fig. 2A), although strain
GBI18 tended to show slightly elevated NF-«B activation. Stim-
ulation of live C. jejuni together with the TLR2 ligand
Pam;CSK, yielded a response similar to that obtained with the
TLR?2 ligand alone, excluding potential inhibition of the TLR/
NF-kB response by C. jejuni (data not shown). In contrast to
live Campylobacter, disrupted bacteria induced strong levels of
NF-«B translocation irrespective of the Campylobacter strain
or species tested (Fig. 2B).

To assess the chicken TLR2 response against Campy-
lobacter, HeLLa 57A cells were transfected with chTLR2t2 and
chTLR16. This receptor complex recognizes both di- and tri-
acylated lipopeptides (28). The addition of live Campylobacter
to these cells did not result in significant translocation of
NF-«B (Fig. 2C). Again, GB18 showed an increased but not
statistically significant NF-kB activation, as was observed for
human TLR2/1/6. With lysed bacteria, all four strains were
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FIG. 3. Activation of human and chicken TLR4 by Campylobacter. HeLa 57A cells expressing human TLR4, MD-2, and CD14 (A and B) or
chicken TLR4, MD-2 and human CD14 (C and D) were stimulated with live or lysed C. jejuni strain 81116, GB18, or RM1221 or C. coli strain
H1 for 5 h. Cells transfected with control vector were stimulated simultaneously to ensure TLR-specific NF-kB activation. LPS from serovar
Enteritidis (20 ng/ml) was used as a positive control. Values are the percent induction of NF-«kB activation after stimulation with the positive
control and are means * the SEM of three independent experiments. The P values for human and chicken TLR4 responses were as follows: live
Campylobacter versus control, not significant, except for C. coli H1 (P < 0.05); lysed Campylobacter versus control, P < 0.05; lysed versus live
Campylobacter, P < 0.05 for chicken TLR4 and P < 0.001 for human TLR4.

able to potently activate chicken TLR2t2/16-transfected cells
(Fig. 2D). These results show that disrupted Campylobacter
strains, unlike viable strains, are able to effectively activate
both human TLR2 and chicken TLR2.

C. jejuni induces a TLR4-mediated IFN-3 response in hu-
man but not chicken cells. TLR4 is one of the central TLRs in
innate immunity. Both lipid A structures with different biolog-
ical activity toward TLR4 and differences in TLR4 specificity
among host species have been described (15, 30, 50). To assess
the effect of Campylobacter on the human and chicken TLR4
complex, we expressed TLR4 together with the homologous
MD-2 in HeLa 57A cells. Incubation of the cells expressing
human TLR4/MD-2 with lysed Campylobacter resulted in high
levels of NF-«kB translocation for all four strains tested (Fig.
3B). With viable bacteria, moderate human TLR4 activation
was detected for the C. coli, while C. jejuni strains yielded no
response (Fig. 3A). For cells transfected with chicken TLR4/
MD-2, similar results were obtained (Fig. 3C and D), suggest-
ing no major differences in the recognition of Campylobacter by
the human and chicken TLR4 complex.

As the mammalian TLR4/MD-2 complex not only signals via
the MyD88-dependent pathway but also through the MyD88-
independent pathway, we next compared the upregulation of
IFN-B mRNA mediated via the MyD88-independent pathway

in MM6 and HD11 cells. Cells were stimulated with viable and
lysed Campylobacter strains, as well as with purified C. jejuni
81116 LOS. Both viable and killed C. jejuni, as well as C. jejuni
LOS, induced elevated levels of IFN-B transcript in the human
cells (Fig. 4A). In contrast, stimulation of chicken cells with
neither live nor dead C. jejuni, nor stimulation with purified
LOS, induced IFN-B transcription, although a strong increase
was observed after stimulation of the cells with the TLR3
agonist with poly(I:C) (Fig. 4B). These results indicate a major
difference in response to Campylobacter between human and
chicken cells.

Campylobacter is unable to activate chicken TLRS. TLRS is
considered to be important for maintenance of intestinal
barrier (55). Stimulation of human TLRS transfected HeLa
57A cells with either live or lysed Campylobacter showed a
general lack of activation for all strains tested (Fig. SA and
B), confirming previous reports (3, 58). The identification
and cloning of chicken TLRS in our lab presented the op-
portunity to investigate its sensitivity toward Campylobacter
flagellin. Whereas purified serovar Enteritidis flagellin in-
duced a robust NF-«kB response in transfected HeLa 57A cells,
stimulation with both live and disrupted Campylobacter strains
did not result in activation of chTLRS5 (Fig. 5C and D). Also,
purified native flagellin of C. jejuni strain 81116 did not activate
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FIG. 4. Induction of IFN-B by live, lysed, and purified LOS of C.
Jejuni. MMBG6 cells (A) and chicken HD11 cells (B) were stimulated for
2 h with 5 X 107 CFU of live or lysed C. jejuni strain 81116 ml~! or 1
pg of LOS ml~'. As a positive control, 500 ng of poly(I:C) ml~" with
FuGENE-6 was used. IL-1B8 and IFN- transcripts were analyzed by
RT-PCR and are presented as the fold increase in mRNA levels after
stimulation compared to nonstimulated cells. Stimulation of MM6
cells with live Campylobacter, lysed Campylobacter, or LOS induced
statistically significant levels of IL-18 and IFN-B mRNA (P < 0.05). In
HD11 cells, stimulation with live Campylobacter, lysed Campylobacter,
or LOS but not with poly(I:C) induced statistically significant levels of
IL-1B, whereas IFN-B was only induced (P < 0.05) after stimulation
with poly(I:C). Values are means = the SEM of three independent
experiments.

chTLRS5, even at concentrations of >10 wg ml~! (data not
shown). These results indicate that the difference in Campy-
lobacter intestinal pathology between humans and chicken is
not due to differential recognition of flagellin by the respective
TLRS receptors.

Campylobacter chromosomal DNA is sensed by chicken TLR21
but not human TLRY. In the mammalian species, bacterial
DNA is sensed by TLRO. This receptor is absent in chicken.
Instead, chicken express TLR21 which responds to DNA and
acts as a functional homologue of mammalian TLRY (9;
Keestra et al., unpublished). To test these receptors for the
ability to respond to Campylobacter DNA, we expressed human
TLRY and chicken TLR21 in HEK293 cells. HEK293 cells
were used in these experiments since HeLa 57A lack the ability
to sense DNA and activate NF-kB when transfected with hu-
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man TLRO. After 5 h of stimulation of HEK293 cells with
chromosomal DNA (30 wg ml™ ') from any of the four Campy-
lobacter strains, no significant NF-«kB activation was detected
for the cells expressing human TLRO. Increasing the inter-
nalization of Campylobacter DNA using the transfection re-
agent FuGENE-6 did not result in NF-kB activation either
(data not shown). Stimulation with the synthetic TLR9 ligand
ODN 2006 caused a 10-fold increase in TLR9-mediated
NF-kB activation, indicating the functionality of the TLR9
receptor under the conditions used (Fig. 6A). The stimulatory
effect of ODN 2006 was maintained in the presence of 30 pg of
chromosomal Campylobacter DNA/ml (data not shown), ex-
cluding potential inhibitory factors in the DNA preparation as
a cause for the lack of TLRY activation. Similar sets of exper-
iments with cells expressing chicken TLR21 demonstrated
strong activation of NF-kB by ODN 2006, as well the chromo-
somal DNA of all four Campylobacter strains (Fig. 6B). These
results suggest that, in addition to the response to Campy-
lobacter LOS, humans and chickens may also differ in their
ability to detect and respond to Campylobacter DNA.

DISCUSSION

Although Campylobacter is the most common cause of hu-
man bacterial enteritis, the mechanism that induces inflamma-
tion remains obscure. Similarly, the characteristics that deter-
mine its lifestyle as a harmless commensal in many animals,
including chickens, are still to be elucidated (54). In many
bacterial infections, the level of recognition by the innate im-
mune system of the host plays a critical role in determining
whether or not pathology is induced. For instance, Yersinia
pestis normally expresses an LPS that is not recognized by
mammalian TLR4. In strains that artificially express TLR4-
stimulating LPS, virulence is completely overcome by an acti-
vated host immune system (39). Likewise, studies with knock-
out mice clearly show the need for TLR activation to control
bacterial virulence: TLRS knockout mice exhibit increased
bacterial load and inflammation in the intestine (56), TLR9
deficiency leads to uncontrolled Neisseria meningitidis infection
(47), and MyD88-deficient mice are more sensitive to a wide
range of bacterial infections (16, 36, 51). The extent to which
TLR activation influences Campylobacter infection in humans
and animal species is currently unknown. We present here
the first systematic comparison of the human and chicken
TLR response to Campylobacter. We provide evidence of
Campylobacter activation of human and chicken TLR2 and
TLR4 and the lack of activation of human and chicken TLRS.
Major differences in the human and chicken TLR response to
Campylobacter are the failure of chicken cells to produce
IFN-B after LOS stimulation in contrast to human cells and the
activation of chicken TLR21 but not human TLR9 by Campy-
lobacter chromosomal DNA. Another striking result is the
poor activation of TLRs by viable Campylobacter compared to
lysed bacteria. This may indicate bacterial integrity in the in-
testine as a potential determinant of inflammatory pathology.

The activation of the human and chicken TLR2 complexes
by Campylobacter indicates that Campylobacter lipoproteins
can act as TLR2 ligand and are recognized by both species.
Based on genome sequence analysis C. jejuni is predicted to
express up to 40 different lipoproteins and to produce both di-



VoL. 78, 2010 HUMAN AND CHICKEN TLR ACTIVATION BY CAMPYLOBACTER SPP. 1235
A live Campylobacter B lysed Campylobacter
[ control vector [ control vector
120 = hTLRS 120 =3 hTLRS
= 100 = 100
2 S
S 80| T 80
=] =
© T
£ 60 £ 60
=2 X
o “ o “7
o o
i 20 w20
z 2
0 0
& o 1 N N L & © & N N ¥
‘\oe‘ ‘b\\ I & XV ® < ® 2 %\"\ (,?\ @db < <
C live Campylobacter D lysed Campylobacter
[ control vector [ control vector
120— = chTLRS 120 =S chTLRS
= 100 = 100
2 S
B 80 g 8
= =]
T T
£ 60 £ 60
o “7 o “7
¥ ¥
w20 W 20+
Z Z
0- 0
S & SIS & 0 & S
‘;Oé & & Q.\“(b ¥ & ‘\ob\ & & @“0 ¥ &

FIG. 5. Activation of human and chicken TLR5 by Campylobacter. HeLa 57A cells expressing human TLR5 (A and B) or chicken TLR5 (C
and D) were stimulated with live or disrupted C. jejuni strains 81116, GB18, or RM1221 or C. coli strain H1 for 5 h. Cells transfected with control
vector were stimulated simultaneously to ensure TLR-specific NF-kB activation. Flagellin from serovar Enteritidis (1 wg ml~") was used as a
positive control. None of the Campylobacter strains, either live or lysed, induced statistically significant activation of NF-kB in HeLa 57A cells
transfected with human or chicken TLRS. Values are the percent induction of NF-«kB activation after stimulation with the positive control and are

means *= the SEM of three independent experiments.

and triacylated lipoproteins (M. R. de Zoete, unpublished re-
sults). Humans can differentiate between di- and triacylated
lipoproteins by utilizing either TLR2-TLR1 or TLR2-TLR6
combinations. Chickens have two versions of TLR2 (TLR2t1
and TLR2t2) that differ mainly in a 192-amino-acid region in
the central region of the ligand-binding domain), one TLR16
protein (also known as TLR1t1 and TLR1LA), and a truncated
TLR1t2 protein (also known as TLR1LB) (11, 52). The com-
binations of chicken TLR2t2/TLR16 and chicken TLR2t1/
TLRI1LB sense both di- and triacylated lipopeptides, whereas
the TLR2t1/TLR16 complex only seems to respond to high
concentrations of triacylated peptide (22, 28). The fact that
both di- and/or triacylated peptides appear to be recognized by
the different TLR2 complexes likely explains the TLR2 re-
sponse to Campylobacter in humans and chicken.

For TLR4, differences in LPS specificity between humans
and chickens are reported (30). We found that Campylobacter
induced potent NF-«B activation via human TLR4/MD-2 and
chicken TLR4/MD-2 (Fig. 3). One striking difference between
humans and chickens, however, was the absence of C. jejuni-
induced IFN-B upregulation through TLR4/MD-2 in chicken
cells. Stimulation of these cells with the TLR3 ligand poly(1:C)
yielded a potent IFN-B response, indicating that the cells are
capable of producing this cytokine after TLR activation. In
mammals, IFN-B is induced through TLR4 via the MyD8§8-

independent TRIF pathway (53). At present, the adapter pro-
tein TRAM, which links the TLR4 signaling domain to the
TRIF protein, has not been identified in the chicken genome
(30), which may explain the inability to induce a TLR4/MD-
2-dependent IFN-B response in this species. IFN-f is a key
inducer of systemic inflammation, illustrated by the complete
resistance to endotoxic shock in IFN- knockout mice (27).
Also, TLR4-induced IFN-B signaling is critical to control the
growth of the intracellular bacterium Chlamydia pneumoniae
by enhancing the production of IFN-v, the major macrophage-
activating cytokine (46). The impact of the absence of this
pathway during Campylobacter colonization of chickens is un-
clear. Although additional research is required to determine
the precise role of the type I and II IFNs in bacterial infection
in chickens, it can be speculated that a relative insensitivity for
LOS-induced systemic inflammation and macrophage activa-
tion may help to retain the commensal nature of Campy-
lobacter in the chicken gut.

TLRS signaling plays an important role in preventing intestinal
pathology, as demonstrated by TLRS5-deficient mice, which de-
velop spontaneous intestinal colitis (56). The successful evasion of
human TLRS by Campylobacter (Fig. 5) (3, 58) may contribute to
intestinal inflammation. Likewise, the lack of intestinal pathology
in chickens could be the result of recognition of Campylobacter
flagellin by the chicken version of TLRS. However, our data
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FIG. 6. Activation of human TLRY and chicken TLR21 by Campy-
lobacter. HEK293 cells expressing human TLRY (A) or HeLa 57A cells
expressing chicken TLR21 (B) were stimulated with 30 wg of purified
chromosomal DNA ml~! from C. jejuni strain 81116, GBI1S, or
RM1221 or C. coli strain H1 for 5 h. Cells transfected with control
vector were stimulated simultaneously to ensure TLR-specific NF-«kB
activation. ODN 2006 (0.5 wM) was used as positive control. None of
the chromosomal Campylobacter DNA significantly activated TLRO. In
contrast, DNA from all Campylobacter strains induced significant
NF-«kB activation in TLR21-transfected HEK 293 cells (P < 0.05).
Values are the percent induction of NF-kB activation after stimulation
with the positive control and are means * the SEM of three indepen-
dent experiments.

indicate equal unresponsiveness of TLRS from both species to
Campylobacter flagellin. Therefore, TLRS evasion seems unlikely
to be a major cause of the difference in inflammation between
infected humans and chickens.

While the ability of CpG DNA to activate chicken cells has
been reported for years (18, 59), the receptor mediating this
activation remained elusive due to the absence of a TLRY
homologue. The recent identification of chicken TLR21 as the
receptor that senses DNA presented for the first time the
opportunity to test the stimulatory potential of Campylobacter
chromosomal DNA. TLR21 was activated by chromosomal
DNA of all tested Campylobacter strains (Fig. 6). In contrast,
HEK?293 cells transfected with human TLR9 did not show an
increase in NF-kB activation, although the cells did respond to
the TLRY ligand ODN 2006. These results substantiate that C.
jejuni DNA is a very weak TLRY ligand (12). The recognition
of both synthetic ODN 2006 and bacterial chromosomal DNA
suggest broad ligand specificity for chTLR21. In contrast,
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mammalian TLR9 (human and murine TLRY) display species-
specific ligand recognition and show distinctive responses to
ODN 2006. Although highly speculative, these results may
indicate that during evolution the presence of a stronger se-
lective advantage for broad recognition of DNA ligands re-
sulted in a divergence between mammals and birds, which may
have contributed to the loss of the ligand-specific TLR9 and
the gain of the less-specific TLR21 receptor in chickens (44,
52). The role of TLR21 activation by Campylobacter during the
colonization of chickens remains speculative. It can be imag-
ined that in the nutrient-rich environment of the chicken
cecum, bacterial lysis and thus the availability of TLR21 ligand
is limited. Alternatively, it can be argued that activation of this
receptor may induce an effective but mild local immune re-
sponse that helps to retain the host-microbe balance. Lacking
a response to Campylobacter DNA may result in spread of the
bacteria to the deeper tissue, resulting in an uncontrolled in-
fection and enteritis. In addition, as DNA signaling is known to
provide strong adjuvant activity in both humans and chickens
(10, 19, 35, 37), it can be speculated that the differential TLR
activation by Campylobacter DNA may influence the host an-
tibody response during infection. However, much more knowl-
edge of the in vivo expression and function of TLR9 and
TLR21 in the guts of humans and chickens is needed to de-
termine the exact role of the bacterial DNA as a determinant
of infection.

Another major conclusion of our work is that live bacteria
induce relatively weak TLR responses compared to disrupted
bacteria. This observation was noted for both defined TLR2
and TLR4 responses and for MMG6 cells and, to a lesser extent,
HD11 cells that express multiple TLR receptors. The weak
immune response of intact bacteria could not be contributed to
a lack of physical interaction between the bacteria and the
TLRs on the cell surface, since centrifugation of Campy-
lobacter onto TLR-expressing HeLLa 57A cells did not result in
increased levels of TLR activation (data not shown). When
only heat-killed bacteria were used, the overall responses were
significantly lower (de Zoete, unpublished) than with disrupted
bacteria. This suggests that bacterial lysis may be needed to
expose their full TLR-stimulative potential. In a hostile envi-
ronment, Campylobacter will likely be disrupted, e.g., after
exposure to antimicrobial peptides or after phagocytosis by
macrophages and dendritic cells. It is currently unknown
whether Campylobacter viability and lysis is different in the
human gut compared to the nutrient-rich environment of the
chicken cecum and thus may contribute to the difference in
intestinal inflammatory response.

Taken together, our results indicate that Campylobacter is
sensed by chicken TLRs in a fashion largely comparable to
that of human TLRs. Major differences in the TLR re-
sponses are the lack of MyD88-independent IFN-B produc-
tion in chickens after TLR4 activation and the potent acti-
vation of chTLR21 by chromosomal Campylobacter DNA.
Together with the apparent requirement for bacterial cell
lysis for strong innate immune activation, these data may
provide a valuable basis for further elucidation of the basis
for the different outcomes of Campylobacter infection of
human and chicken intestines.
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