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Background: Campylobacter jejuni lipooligosaccharide (LOS) is a critical determinant of host innate immunity.
Results: Three structural features of the LOS moiety vary significantly between strains and in combination impact monocyte
activation.
Conclusion: Variation of LOS structure suggests that LOS-TLR4 engagement during C. jejuni infection is strain-specific.
Significance: Source and variation of LOS structure among C. jejuni strains may impact host proinflammatory responses.

Campylobacter jejuni is a leading cause of acute gastroenteri-
tis. C. jejuni lipooligosaccharide (LOS) is a potent activator of
Toll-like receptor (TLR) 4-mediated innate immunity. Struc-
tural variations of the LOS have been previously reported in the
oligosaccharide (OS)moiety, the disaccharide lipidA (LA) back-
bone, and the phosphorylation of the LA. Here, we studied LOS
structural variation between C. jejuni strains associated with
different ecological sources and analyzed their ability to activate
TLR4 function.MALDI-TOFMSwas performed to characterize
structural variation in both theOS andLAamong15differentC.
jejuni isolates. Cytokine induction in THP-1 cells and primary
monocytes was correlated with LOS structural variation in each
strain. Additionally, structural variationwas correlatedwith the
source of each strain. OS sialylation, increasing abundance of
LA D-glucosamine versus 2,3-diamino-2,3-dideoxy-D-glucose,
and phosphorylation status all correlated with TLR4 activation
as measured in THP-1 cells and monocytes. Importantly, LOS-
induced inflammatory responses were similar to those elicited
by live bacteria, highlighting the prominent contribution of the
LOS component in driving host immunity. OS sialylation status
but not LA structure showed significant association with strains
clusteringwith livestock sources.Our study highlights how vari-
ations in three structural components of C. jejuni LOS alter
TLR4 activation and consequent monocyte activation.

Campylobacter jejuni is a leading cause of acute gastroenteri-
tis in both the industrialized and developing world. Contami-

nated poultry is considered to be the predominant source of
infection, although transmission via non-livestock sources such
aswater andmilk are increasingly implicated (1–3). The clinical
spectrum of C. jejuni infection can range from asymptomatic
carriage to acute inflammatory diarrhea to autoimmune com-
plications. The presence of leukocytes in stools during the first
few days of infection is indicative of an early innate inflamma-
tory response that aids bacterial clearancewhile contributing to
clinical disease in the susceptible (4).
Previous studies have highlighted the potential role of Toll-

like receptors (TLRs)3 in mediating early host immunity to C.
jejuni (5, 6). The bacterium evades recognition by humanTLR5
due to amino acid sequence alterations within the flagellin pro-
tein; this phenomenon has also been noted in other �-proteo-
bacteria such asHelicobacter pylori, suggesting that negation of
TLR5-mediated antimicrobial immunity may provide strategic
advantage to certain enteropathogens (7). The glycolipid lipoo-
ligosaccharide/lipopolysaccharide (LOS/LPS) moieties of C.
jejuni and H. pylori, respectively, show divergent responses
upon TLR4 activation. The tetraacylatedH. pylori LPS exhibits
low reactivity; in comparison, the hexaacylated C. jejuni LOS
is a potent TLR4 agonist (5, 6, 8–10). The latter observation
raises the hypothesis that C. jejuni LOS/TLR4 activation may
contribute to the acute mucosal inflammation often seen in
human infections. The association ofC. jejuni strains with LOS
modifications that promote proinflammatory responses with
increased severity of enteritis supports this hypothesis (9, 11).
The structure of both the lipid A (LA) and the oligosaccha-

ride (OS) components of the LOS/LPS moiety can significantly

* This work was supported in part by a Charlotte and Yule Bogue research
fellowship from University College London (to H. N. S.), the Biomedical
Research Council, UK, and Research Service of the United States Depart-
ment of Veterans Affairs Merit Review Award BX000727 (to G. A. J.).

1 Present address: Dept. of Cellular Microbiology, Max Planck Inst. for Infec-
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alter TLR4 activation and subsequent responses (12). The het-
erogeneous nature of C. jejuni LOS LA and OS structures has
been noted previously (13–16). To date, 19 different genetic
loci for the OS genes have been identified in C. jejuni strains
(16). Five of these LOS classes encode sialic acid (SA) biosyn-
thesis genes that include neuB1 (SA synthase), cstII (SA trans-
ferase), and neuA1 (CMP-Neu5Ac synthase). OS sialylation is
associatedwith the neuropathyGuillain-Barré syndrome (GBS)
and with increased TLR4 function and severity of gastroenteri-
tis (9, 11, 17). C. jejuni LA is predominately hexaacylated with
four primary and two secondary acyl chains (13). The LA of the
majority of Gram-negative bacteria constitutes a 2-amino-2-
deoxy-D-glucose (GlcN) disaccharide structure; in contrast, C.
jejuni LA can be heterogeneous, containing 1 or 2 GlcN or
2,3-diamino-2,3-dideoxy-D-glucose (GlcN3N) residues, which
leads to variation in the number (two (GlcN-GlcN) to four
(GlcN3N-GlcN3N)) of amide linkages to the acyl chains.
Amide linkages in C. jejuni LOS can influence TLR4 signal-
ing and antimicrobial resistance (18). Additionally, C. jejuni
LA may contain phosphate and/or phosphoethanolamine
(PEA) groups, although diphosphorylated LA (DPLA) is the
predominant species (19). A recent report highlighted the
importance of modification of the LA backbone with PEA
residues in both the activation of human TLR4 and the col-
onization of chickens (20).
Whole genome phylogenetic analysis divides C. jejuni into

“livestock”- and “non-livestock”-associated clusters, the latter
including water and wildlife strains (21, 22). Although C. jejuni
strains from both clusters can be a source of human infection,
any potential structural/functional variation in the LOSmoiety
of different strains currently remains undefined. Here, we
hypothesized that livestock and non-livestock C. jejuni strains
promote differential TLR4 activation. To test this, LOSs from
13 human C. jejuni isolates (and two livestock isolates) cluster-
ing within different ecological niches were studied. Among the
strains tested, variation in OS sialylation, LA phosphorylation,
and amide linkages was noted; importantly, all three modifica-
tions affected TLR4 activation. Genetic analysis of a cohort of
33 strains highlighted a greater propensity for OS sialylation in
livestock-associated strains. Our study highlights how natural
interstrain variation in C. jejuni LOS sialylation, amide linkage,
and phosphorylation can modulate innate immunity; this vari-
ationmay partly explain the clinical spectrum of gastroenteritis
noted in response to this enteropathogen.

MATERIALS AND METHODS

Bacterial Strains and LOS Extraction—Fifteen C. jejuni
strains from a previous study of 111 strains were selected for
LOS isolation (see Table 2) (21).C. jejuni strainswere grown for
24 h on 7% (v/v) blood agar plates for co-culture studies or in
Brucella broth for LOS extraction under microaerobic condi-
tions at 37 °C as described previously (23). Genomic DNA was
isolated by phenol/chloroform extraction. Hot phenol extrac-
tion was used for LOS isolation. Briefly, freeze-dried bacterial
pellets were resuspended in water andmixed 1:1 with 90% phe-
nol. Bacterial/phenol mixtures were stirred at �70 °C for 2 h.
Mixtures were dialyzed in 1-kDa-molecular mass-cutoff tubing
(Spectrum Laboratories, Rancho Dominguez, CA) to remove

phenol and lyophilized prior to resuspension in 30 ml of 1 mM

Tris, EDTA containing 60 �g/ml DNase (Sigma) and 30 �g/ml
RNase (Sigma). The mixture was incubated at 37 °C with shak-
ing for 4 h. Next, 30�g/ml proteinase K (Sigma) was added, and
the mixture was incubated overnight at 37 °C with gentle shak-
ing prior to overnight dialysis. The lyophilized pellet was resus-
pended in deionized water and spun at 35,000 rpm at 4 °C for
4 h following resuspension in deionized water and lyophiliza-
tion. LOS was quantified using a microbalance, and its purity
was confirmed by SDS-PAGE and silver staining. LOS was
treated with 0.05 unit/ml neuraminidase (Arthrobacter ureafa-
ciens (Sigma-Aldrich)) at 37 °C overnight to remove sialic acid
residues.
MALDI-TOFMass Spectrometry—LA andO-deacylated and

intact LOS were prepared as described previously (24, 25). MS
was performed in the linear mode on a Voyager-DE STR
MALDI-TOF instrument equipped with a 337-nm nitrogen
laser and delayed extraction. Spectra were obtained in the neg-
ative ionmode with an average of 500 pulses per spectrum. The
acceleration voltage was �20 kV. The instrument was cali-
brated by using the mass for the monoisotopic (M � H)� ions
for bovine insulin at m/z 5728.5931, insulin B-chain at m/z
3492.6357, renin substrate at m/z 1756.9175, angiotensin II
at m/z 1044.5267, and the GlcN3N-GlcN3N diphospho-
ryl-LA at m/z 1903.3689. During some acquisitions, Neisse-
ria meningitidis strain 89I or Neisseria gonorrhoeae strain
1291 LOSs were utilized for internal calibration (24, 25).
Spectra were analyzed using Data Explorer software with
digital smoothing (Applied Biosystems, Carlsbad, CA). For
high mass resolution of some intact LOSs, negative ion
MALDI MS was performed on a Synapt G2 high definition
MS system (Waters, Manchester, UK) with an orthogonal
TOF mass analyzer in “sensitivity mode.” The neodymium-
doped yttrium aluminum garnet laser was operated with 355
nm at 100–200Hz. Spectra were digitally smoothed and base
line-corrected using MassLynx software.
SA Biosynthesis Pathway—SA biosynthesis genes were

detected by PCR. Primers for neuB1 gene were: forward, 5�-
GCAGGnGCTAAGATnATAAAnCAnCAAAC-3�; reverse,
5�-TAATnCTnACTACnCTnGCAAAnGCAAAATCAAT-3�.
Primers for orf7ab, orf7c, orf8ab, orf8c, and htrB genes have
been described (15).
TNF� Expression by THP-1 andPrimaryHumanMonocytes—

Monocytic THP-1 cells were differentiatedwith 10 ng/ml phor-
bol 12-myristate 13-acetate in RPMI 1640 medium with 10%
fetal calf serum (FCS) overnight. A 96-well plate was seeded
with THP-1 cells (1 � 105 cells/well), which were allowed to
adhere for 2 h prior to stimulation with either C. jejuni at a
multiplicity of infection of 10 or with the corresponding LOS.
For some experiments, cells were treated with lipid IVa (Avanti
Polar Lipids, Alabaster, AL) for 1 h prior to LOS treatment.
CD14� monocytes were isolated from the peripheral mononu-
clear cell fraction of blood from healthy adult volunteers using
CD14� bead selection according to the manufacturer’s proto-
col (Miltenyi Biotec, Surrey, UK). The monocytes were seeded
in 96-well plates (1� 105/well) and stimulatedwith LOS. TNF�
levels were measured by ELISA 20 h poststimulation (eBiosci-
ence, San Diego, CA).
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Statistical Analysis—Statistical analysis was performed using
Prism 5 software (GraphPad, La Jolla, CA). For comparison of
more than two groups in the same experiment, repeated mea-
sures analysis of variance was applied to parametric data using
the Tukey post-test to compare columns of data.

RESULTS

C. jejuni LOSStructure—To investigate the LOS/TLR4 struc-
ture-function relationship of livestock versus non-livestock C.

jejuni, the LOSs from 15 strains (seven from the livestock clus-
ter (including reference strain 11168H) and eight from the non-
livestock cluster (21)) were purified. Negative ionMALDI-TOF
MS was performed on both the intact and the O-deacylated
LOS species. MALDI-TOF MS was also performed on the LA
isolated from the LOSs of 10 strains. Of the seven livestock-
associated strains, threewere human clinical isolates fromdiar-
rheal (�blood) patients, two were from asymptomatic carriers,
and two were from colonized livestock. Of the eight non-live-

FIGURE 1. Negative ion MALDI-TOF spectra for O-deacylated and intact C. jejuni LOS. Representative MALDI-TOF MS spectra for O-deacylated LOS of strain
40917 (A) and intact LOS of strain 31481 (B). Observed peaks are postulated to be due to Y-type reducing terminal lipid A fragment ions, non-reducing terminal
B-type OS fragment ions, and ions for the entire intact or O-deacylated LOS. In the inset in the high resolution spectrum (B), the labeled masses represent the
monoisotopic ions. The asterisks in B indicate peaks for sodiated (M � Na � 2H)� ions.
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stock-associated strains, four were human clinical isolates from
diarrheal (�blood) patients, and four were from asymptomatic
carriers.
Representative spectra of low andhigh resolutionMS spectra

of O-deacylated and intact LOS from two of the 15 strains are
shown in Fig. 1, A and B, respectively, with proposed composi-
tions for the major molecular and fragment ions presented in
Table 1, A andB, respectively. Themajority ofOS compositions
proposed for the 15 strains are based on the non-reducing ter-
minal B-type fragment ions ofO-deacylated LOS (Table 2) (26)
and the components of theC. jejuniOS reported previously (19,
27). For strains 32787 and 43205 with unusual OS structure,
data were obtained from high resolution negative ion MALDI

performed on the Synapt G2 high definitionMS systemwith an
orthogonal TOF mass analyzer (Table 2B). As shown in the
inset spectrum of the intact LOS from strain 31481 (Fig. 1B),
base-line separation of monoisotopic peaks for the intact
molecular (M � H)� ions was obtained. In general, OS frag-
ment ion peaks in the negative ionMALDI spectra of the intact
orO-deacylated LOS could be distinguished by the presence of
lowermass peaks for the characteristic additional losses of CO2
(44 Da) from 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) and
loss of the labile Kdomoiety (220Da) (Fig. 1,A andB, andTable
1, A and B).
Compositions proposed for monoisotopic peaks for the

highest mass OS fragment ions that were detected for intact
LOS from strains 32787 and 43205 are presented in Table 2B.
The monoisotopic masses of these prompt B-type oligosaccha-
ride ions were analyzed with a computer algorithm to deter-
mine potential compositions (28). The monosaccharides and
other components used in the algorithm included PEA, phos-
phate, Gly, andO-acetate, which have been reported previously
in the LOS of C. jejuni (19, 27). For strain 32787, the peak
observed at m/z 2282.7402 was consistent with a composition
of 2 Kdo, 2 heptose (Hep), and 7 hexose (Hex) residues;
N-acetylhexosamine (HexNAc); phosphate; and O-acetate
(OAc) (Table 2B). However, the data obtained did not allow
distinction between this and a compositionwith a PPEAmoiety
(202.9747 Da) rather than a HexNAc (203.0794), which would
differ from that observed by 80.4 ppm. One other potential
composition is 2 Kdo, 2 Hep, 4 Hex, 3 HexNAc, OAc, and 2
phosphate residues for which the calculatedmass differed from
that observed by 49.1 ppm. Using previously identified compo-
nents, only a single composition was found to be consistent
with the monoisotopic exact mass for the OS fragment ions
detected at m/z 2402.7959 in the spectrum of the intact LOS
from strain 43205 (Table 2B). The absence of peaks corre-
sponding to loss of SA (�291) and the absence of SA biosyn-
thesis genes indicated that strain 56519 did not contain an SA
moiety on its OS (Table 2A).
Collectively, the data are in accord with the conserved pres-

ence of 2 Kdo and 2 Hep residues and a PEA or phosphate
residue on the inner core of all strains except 64555, which
apparently lacks a phosphoryl moiety (Table 2A) (19). The OS
contained 2–6 Hex residues, and in nine strains, SA was iden-
tified. Interestingly, the LOSs of all seven livestock strains were
sialylated, but LOSs of only two of eight non-livestock strains
were sialylated (Table 2; p � 0.01). Of the strains associated
with diarrhea or asymptomatic infection, SA was detected in
three of seven and four of six structures, respectively, suggest-
ing that SA is not a determinant of asymptomatic infection
(Table 2). However, LOS sialylation is known to be associated
with increased severity of gastroenteritis as well as with the
onset of GBS (11, 17); in this context, it was interesting to iden-
tify a greater propensity for livestock-associated strains to con-
tain SA.
SABiosynthesis Pathway—To further explore the association

of SA with the livestock clade, a further 18 C. jejuni human
clinical isolates in addition to the original 15 strains were inves-
tigated for the presence of the SA biosynthesis pathway by PCR.
All nine SA-positive strains (by MS) were neuB1-positive. One

TABLE 1
Molecular and fragment ion peaks in spectrum of O-deacylated 40917
(A) and intact 31481 LOS (B)

a DPLA represents 2-amino-2-deoxy-D-hexose and 2,3-diamino-2,3-dideoxy-D-
hexose (HexN-HexN3N) with two phosphate (P) and three hydroxymyristic acid
(C14:0(3-OH)) moieties after O-deacylation.

b Italics represent non-reducing terminal B-type OS fragment ions from prompt
fragmentation.

c Non-reducing terminal B-type OS fragment ions from prompt fragmentation
with loss of CO2.

d Bold represents reducing terminal Y-type LA fragment ions from prompt
fragmentation.

e Prompt fragmentation producing LA ions with loss of H3PO4.
f DPLA represents HexN-HexN3N with two phosphate (P), four hydroxymy-
ristic acid (C14:0(3-OH)), and two palmitic acid (C16:0) moieties.
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TABLE 2
Non-reducing terminal B-type OS fragment ion peaks of LOS in low resolution (A) and high resolution (B) MALDI-TOF MS

a L, livestock; NL, non-livestock.
b D, diarrhea; BD, bloody diarrhea; A, asymptomatic; N/A, not applicable.
c Average masses of residues (in kilodaltons) used are as follows: Kdo, 220.2; Hep, 192.2; Hex, 162.1; HexNAc, 203.2; Neu5Ac, 291.3; PEA, 123.0; phosphate (P), 80.0; OAc,
42.0.

d Exact masses of residues used (in kilodaltons) are as follows: Kdo, 220.1; Hep, 192.1; Hex, 162.1; HexNAc, 203.1; Neu5Ac, 291.1; PEA, 123.0; phosphate (P), 80.0; OAc, 42.0.

TABLE 3
PCR analysis reveals association of SA synthesis genes with livestock strains

Non-livestock straina NeuB1 Class A/B Class C Livestock straina NeuB1 Class A/B Class C

33106 � � � 11168H � � �
33084 � � � 45557 � � �
40917 � � � 31485 � � �
31481 � � � 32799 � � �
56519 � � � 56282 � � �
32787 � � � 44811 � � �
64555 � � � 59161 � � �
43205 � � � 59214 � � �
44119 � � � 30280 � � �
63326 � � � 44958 � � �
62914 � � � 30328 � � �
45631 � � � 58473 � � �
59364 � � � 48612 � � �
52368 � � �
56832 � � �
38353 � � �
12241 � � �
53259 � � �
35799 � � �
62567 � � �

a PCR analysis used primers that anneal to neuB1 genes to identify strains that encode the SA biosynthesis pathway for human clinical isolates that clustered with either the
non-livestock or livestock clades (21). Primers described previously (15) were used to distinguish strains from SA-positive LOS classes A/B from C.
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FIGURE 2. Variation in the number of amide linkages and phosphorylation in C. jejuni LA. A, hexaacylated C. jejuni lipid A with GlcN (R � O) and/or GlcN3N
(R � N) disaccharide backbone originally described in Ref. 13 and confirmed in the present study. O-Deacylated LA composed of a GlcN3N-GlcN3N disaccharide
backbone with four amide-linked acyl chains (B), a GlcN-GlcN3N disaccharide backbone with three amide-linked acyl chains (C), or a GlcN-GlcN disaccharide
backbone with two amide-linked acyl chains (D) is shown. The LA backbone is depicted with two phosphate and two phosphoethanolamine groups, although
the abundance of these modifications can vary. Y-type reducing terminal LA fragment ions were observed as shown in the portion of the negative ion
MALDI-TOF MS spectra of the O-deacylated LOS of strain 40917 (E) and 31485 (F). G, the relative abundance of amide linkages was assessed by summing the
areas of peaks corresponding to four amide linkages and expressing this as a percentage of the areas of all LA peaks observed in the MS analysis. Portions of
negative ion MALDI-TOF spectra of the intact lipid of strains 33106 (H) and KJCattle8 (I) in which postulated Y-type LA fragment ions were observed are shown.
J, the relative abundance of LA with three or four phosphoryl groups was calculated by summing the area of peaks corresponding to LA with three or four
phosphoryl moieties and expressing this as a percentage of the total area of all LA peaks observed.
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strain (40917) was found to be neuB1-positive but lacked SA by
MS, suggesting a possible role for phase variation in this strain.
All 13 human isolates clusteringwithin the livestock cluster and
only nine of 20 within the non-livestock cluster contained the
neuB1 gene (Table 3; p � 0.003). Taken together, the data sup-
port the hypothesis that LOS sialylation is a genetic/structural
feature that may contribute to distinguishing strains from dif-
ferent sources. Further analysis was performed to assess LOS
classification. Five of 13 livestock and seven of nine non-live-
stock SA-positive strains belonged to LOS class A/B (Table 3),
suggesting that the specific LOS class is not a defining feature
between the SA-positive strains associated with different eco-
logical niches.
Lipid A Structure—The LAmoiety is the principal ligand for

TLR4 (29). We next assessed the LA acyl chain linkage and
phosphorylation status of the C. jejuni strains. Anhydrous
hydrazine hydrolyzes ester but not amide linkages, thus allow-
ing detection of the N-linked acyl groups (Fig. 2, A–D). MS
spectra for O-deacylated LOS reducing terminal Y-type nega-
tive ions containing the LA (M � H)� from two representative
strains, 40917 and 31485, are shown (Fig. 2, E and F). The pres-
ence of aGlcN3N-GlcN3N (four amide linkages; calculatedm/z
1402.8) and a GlcN3N-GlcN (three amide linkages; calculated
m/z 1177.4) LA backbone containing 2 phosphate residues was
observed for both strains. Ions (calculated m/z 952.0) consis-
tent with the expression of LA with only two amide linkages,
GlcN-GlcN, were apparent for 40917 LOS. Despite increased
co-incubation time of LOS with hydrazine from 20 min to 2 h,
complete removal of the O-linked fatty acid chains was not
achieved (under O-deacylated; calculated m/z 1641.2 and m/z
1415.8 for the GlcN3N-GlcN3N and GlcN3N-GlcN species,
respectively). Peaks corresponding to the loss of H3PO4 (98 Da)
at calculated m/z 1304.8 and 1079.4 (under O-deacylated at
calculatedm/z 1543.2 and 1317.8) were also detected (Table 4).

The proportion of the GlcN3N-GlcN3N was determined by
expressing the abundance of all the fragment ion peaks corre-
sponding toGlcN3N-GlcN3N (from two spectra) relative to the
abundance of all of the LA fragment ion peaks (Table 4).
GlcN3N-GlcN was the predominant disaccharide. The relative
abundance of LA with four amide linkages varied significantly
(range, 13.7–73.7%; mean, 33.5%; standard deviation, 14.7%);
however, this feature showed no correlation with the phyloge-
netic clusters (Fig. 2G). Furthermore, the clinical presentation
of each strain did not correlate with the number of amide link-
ages (data not shown).
As O-deacylation of LOS also hydrolyzes some of the rela-

tively labile phosphate and PEA residues, MALDI-TOF was
performed on the native LOS to characterize the relative abun-
dance of LA phosphorylation. Calculated masses for LA frag-
ment ions with varying phosphorylation and GlcN-GlcN back-
bone composition for the native LOS are listed in Table 4B.
Peaks similar to those shown were detected for GlcN3N-GlcN
and GlcN3N-GlcN3N that differed from the GlcN-GlcN LA by
�1 and �2 Da, respectively.
MS spectra for intact LOS reducing terminal Y-type negative

ions containing the LA (M � H)� from two representative
strains, 33106 and KJCattle8, are shown (Fig. 2, H and I). The
most abundant peaks were consistent with the expression of a

TABLE 4
Lipid A fragment ion peaks of O-deacylated LOS (A) and GlcN-GlcN
lipid A fragment ion peaks of intact LOS (B)

a Reducing terminal Y-type LA fragment ions ofO-deacylated LA composed of two
GlcN3N-GlcN3N (four amides), two GlcN-GlcN (two amides), or GlcN-GlcN3N
(three amides) moieties. Typically, only DPLAwithout PEAwas detected.

b Italics represent reducing terminal Y-type LA fragment ions that are �28 Da and
have a C12:0(3-OH) replacing a C14:0(3-OH) or a C14:0 replacing a C16:0 moiety.

c Reducing terminal Y-type LA fragment ions of intact LA. As an example, frag-
ment ions of LA composed of GlcN-GlcN (two amides) are presented.
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DPLAwith a single PEAmoiety for strain 33106 (calculatedm/z
2004.6) with an additional fragmentation causing loss ofH3PO4
(98 Da; calculatedm/z 1906.6; Fig. 2H). For KJCattle8, themost
abundant peaks were indicative of DPLA lacking PEA (calcu-
lated m/z 1881.6 with additional loss of H3PO4 at m/z 1783.6
Da; Fig. 2I). Minor peaks in other spectra included those con-
sistent with fragment ions for two PEA-substituted DPLA at a
calculatedm/z of 2127.7 with ions observed for additional loss
of H3PO4 atm/z 2029.7 and three PEA-modified DPLA atm/z
2250.7 with ions for additional loss of H3PO4 at m/z 2152.7
(data not shown).
As illustrated in the intact LOS spectrum from strain

KJCattle8 (Fig. 2I), fragment ion peaks were consistent with
PEA DPLA with one hydroxylaurate acyl group instead of a
hydroxymyristate (�28 Da; observed m/z 1973.6). We con-
firmed the presence or absence of variation in acyl chain length
by analysis of theO-deacylated spectrawhen assigningLAcom-
position to the similar ions: DPLA (calculatedm/z 1881.6) and
C14 PEA DPLA with loss of H3PO4 (calculatedm/z 1878.2).

To compare the level of phosphorylation between the differ-
ent strains, the abundance of tri- (2P PEA) or tetraphosphory-
lated (2P 2PEA) LA fragment ions was calculated relative to the
fragment ions of all of the LA species for each strain (Fig. 2J).
Although wide diversity in the level of phosphorylation was
noted (percentage of tri- or tetraphosphorylated LA ranged
between 26.3 and 87.5%; mean, 65.4%; standard deviation,
�19.0%), this did not correlate with the phylogenetic cluster.

Furthermore, the clinical presentation of an individual strain
did not correlate with the phosphorylation status (data not
shown).
TNF� Expression by THP-1 Cells and Primary Human

Monocytes—To assess the impact of LOS modifications on
innate immunity, TNF� expression was chosen as a marker for
LOS-mediated TLR4 activation. TNF� is a well characterized
proinflammatory cytokine produced bymonocytes in response
to LOS/LPS via TLR4-MyD88-dependent signaling and serves
as an accurate marker for the induction of other proinflamma-
tory cytokines such as IL-1�, IL-6, and MIP-1� in response to
TLR4 activation (24, 25, 30, 31). Phorbol 12-myristate 13-ace-
tate-differentiated THP-1 cells were stimulated with purified
LOS (10 ng/ml) for 20 h prior to cytokine analysis. Significant
TNF� induction in response to all purified LOSs was observed.
Importantly, a statistically significant correlation in TNF� lev-
els and the degree of sialylation was noted (Fig. 3A; p � 0.05
between 0 and 2 residues). Treatment of LOS with neuramini-
dase reduced cytokine levels, confirming the potential role of
SA in host TNF� expression (Fig. 3B; p � 0.04).

The presence of an ester linkage between the acyl chain and
the LA backbone is known to increase TLR4 activity (18). To
assess the impact of natural variability in the amide/ester links
and phosphorylation status on cytokine induction, linear
regression analyses were performed. The relative abundance of
four amide linkages correlated with TNF� induction (Fig. 3C;
r � 0.67; p � 0.03). Additionally, the phosphorylation status

FIGURE 3. Impact of C. jejuni LOS sialylation, amide linkages, and phosphorylation on TNF� induction in THP-1 cells. THP-1 cells were stimulated with 10
ng/ml LOS for 20 h, and TNF� levels were assessed by ELISA. TNF� levels were compared with the level of sialylation of the LOS from individual strains (A), levels
from neuraminidase-treated LOS (N-treated; B), the relative abundance of four amide linkages (C), and the relative abundances of three or four phosphoryl
moieties based on the areas of the respective LA peaks for each molecule (D). Data points represent mean values for an individual strain from a minimum of four
independent experiments. A, one-way analysis of variance (*, p � 0.05). B, unpaired Student’s t test analysis (ns, not significant). C and D, linear regression
analyses were performed.
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also correlated with TNF� levels (Fig. 3D; r � 0.81; p � 0.04).
To show the combined influence of all threemodifications (sia-
lylation, amide linkage, and phosphorylation) on TNF� levels,
the relative abundances of two amide and three amide linkages
plus 3 or 4 phosphoryl residues were added to either 100 (for
strains containing 2 SA residues) or 50 (for strains containing 1

SA residue). This gave a relative score out of 300 for thesemod-
ifications. The combination of all three factors showed a strong
correlation with TNF� production (Fig. 4A; r � 0.73; p �
0.002). When cells were exposed to 100 ng/ml LOS, the magni-
tude of cytokine responses increased in parallel, highlighting a
clear dose-response effect. In addition, the correlation observed
with 10 ng/ml LOS was maintained (Fig. 4B; r � 0.75; p �
0.001). Importantly, infection with live bacteria elicited a cor-
relation strikingly similar to that seen to their corresponding
LOS moieties (Fig. 4C; r � 0.81; p � 0.0004). Thirteen of 15
strains showed similar growth rates in culture medium, multi-
plying �10-fold in 20 h (data not shown). Two of 15 strains
showed limited growth, although this did not alter cytokine
induction relative to the purified LOS. The similar pattern of
TNF� induction between purified LOS and live infection sug-
gested that the interaction of LOS structural moieties with
TLR4 is a major determinant of the immune outcome to C.
jejuni in human innate immune cells.
The necessity of TLR4 activation was confirmed by utilizing

the TLR4 antagonist lipid IVa. The inhibitor caused ablation of
TNF� production in a dose-dependent manner (Fig. 5; p �
0.001).
The impact ofC. jejuniLOSmodificationswas also studied in

primary human monocytes (Fig. 6). Sialylation correlated with
cytokine induction (Fig. 6A; p � 0.05 between 0 and 1 SA resi-
due; p � 0.05 between 0 and 2 SA residues). Abundance of
amide linkages also exerted an effect, although this was not
significant (Fig. 6B). The presence of 3 or 4 phosphoryl residues
correlated with cytokine induction (Fig. 6C; r � 0.7; p � 0.02),
and when combined, the modifications showed a significant
impact on TNF� levels (Fig. 6D; r � 0.7; p � 0.004). Collec-
tively, the data obtained highlighted the contribution of each
LOS structural moiety in modulating and fine-tuning TLR4-
mediated responses.

FIGURE 4. Combinatorial effect of C. jejuni lipooligosaccharide sialyla-
tion, amide linkages, and phosphorylation on TNF-� induction in THP-1
cells. Supernatants from THP-1 cells stimulated with 10 ng/ml isolated LOS
(A), 100 ng/ml isolated LOS (B), or live bacteria at a multiplicity of infection
(MOI) 10 for 20 h (C) were assessed for TNF� levels by ELISA. To show the
combined influence of all three modifications (sialylation, amide linkage, and
phosphorylation) on TNF� levels, the relative abundance of two amide and
three amide linkages plus 3 or 4 phosphoryl residues were added to either
100 (for strains containing 2 SA residues) or 50 (for strains containing 1 SA
residue). TNF� levels were plotted against this relative score out of 300 for
these modifications. Data points represent mean values for an individual
strain from a minimum of four independent experiments. Linear regression
analyses were performed.

FIGURE 5. C. jejuni LOS modifications modulate TLR4 signaling. THP-1 cells
were stimulated with 10 ng/ml LOS for 20 h in the presence of either a 50 or
500 ng/ml concentration of the TLR4 antagonist lipid IVa, and TNF� levels
were assessed by ELISA. Data points represent mean values for an individual
strain from a minimum of four independent experiments. One-way analysis of
variance was performed (**, p � 0.01; *** p � 0.001; ns, not significant).
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DISCUSSION

Analysis of the bacterial LPS/LOS-TLR4 axis is driven by the
notion that structural variations can have a major impact on
clinical disease outcome; the critical role ofC. jejuni LOS struc-
ture in the onset of GBS is one such example (17). Studies sug-
gest that the SA decoration of C. jejuni LOS is an important
determinant for the onset of GBS (17) and increased severity of
human gastroenteritis (11). In addition, the amide/ester link-
ages and phosphorylation of the LA can also modulate TLR4
activation (18, 20). However, the relative contribution of natu-
ral interstrain variation and the combined effects of these vari-
ous LOS modifications on human innate immunity require
clarification. Herein, we tested the hypothesis that LOS struc-
tural modifications not only impact TLR4 function but may
also contribute to phylogenetic cluster classification.
LOS moieties from C. jejuni human isolates that were asso-

ciated with the livestock or non-livestock clusters were charac-
terized (21). In combination with genetic analysis, we found
structural variations in the OS structures, the number of amide
versus ester linkages, and the LA phosphorylation status. To
gain greater insight into the role of SA in C. jejuni recognition,
the LOS samples were stratified to represent strains expressing
0, 1, or 2 SA residues. We found a significant correlation
betweenTNF� levels and the degree of sialylation. Importantly,
this trend was maintained when tested in human primary
monocytes from multiple donors. Abrogation of TNF� in the
presence of the TLR4 antagonist lipid IVa indicated that acti-
vation of the TLR4 receptor complex was responsible for cyto-
kine production. This is significant as theTHP-1monocytic cell
line and primary human monocytes express other receptors
(e.g. Siglecs) that recognize SA (32). It has also been previously

shown that OS sialic acid can directly impact TLR4 signaling in
an HEK TLR4 reporter cell line that lacks expression of Siglecs
(9). However, no known structural studies have elucidated how
sialylation might impact TLR4 recognition and activation; to
date, only the inner core OS residues have been shown to inter-
act with the TLR4-MD2 complex, and any potential interac-
tions between the outer core of the OS and the host TLR com-
plex remain ill defined (12). The negative charge of the sialic
acid residues, however, may increase affinity for ligand binding,
enhancing proinflammatory MyD88-dependent signaling
downstream of TLR4. Kuijf et al. (9) have previously reported
an effect of sialylation on TLR4 function; however, the signifi-
cance of the degree of sialylationwas not explored. By analyzing
natural LOS variants, the present study extends our current
knowledge of the biological significance of C. jejuni LOS sialy-
lation. The SA-dependent increase inTLR4 signaling highlights
how this axismay contribute to the increased inflammation and
disease severity seen in the presence ofC. jejuni strains express-
ing SA-modified LOS (11). However, a similar percentage of
SA-expressing strains was associated with diarrhea versus
asymptomatic carriage, indicating that this moiety plays a min-
imal role in disease/carriage stratification.
Our report is the first to demonstrate a greater propensity for

humanC. jejuni isolates that genetically associatewith livestock
strains to contain SA-modified LOS comparedwith human iso-
lates that genetically associate with non-livestock strains (21).
Interestingly, aC. jejuniOS truncatedmutant strain lacking SA
showed reduced colonization in chickens, suggesting that the
OS sialylation is a critical determinant for livestock coloniza-
tion (33). Taken together, the data raise an interesting dichot-
omy as to the potential role of SA in aiding livestock coloniza-

FIGURE 6. Combinatorial effect of C. jejuni LOS sialylation, amide linkages, and phosphorylation on induction of TNF� in primary human monocytes.
Primary monocytes were stimulated with 10 ng/ml LOS for 20 h, and TNF� was assessed by ELISA. TNF� levels were compared with the level of LOS sialylation
(A), the relative abundance of four amide linkages (B), the relative abundance of three or four phosphoryl moieties in each strain (C), and a combination of
relative sialylation, abundance of amide linkages, and phosphorylation (D). Data points represent mean values for an individual strain from five donors.
A, one-way analysis of variance (*, p � 0.05). B, C, and D, linear regression analyses were performed.
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tionwhile eliciting a proinflammatory response in humans. The
association suggests that the source of C. jejuni infection could
determine the severity of gastroenteritis and/or the risk levels of
developingGBS. SA is known to be involved in immune evasion
strategies, a factor that may favor long term colonization of
livestock (34). SA decoration can mask bacterial proteins (34),
aid in adherence and invasion (35), and mediate evasion of
complement-mediated lysis (36). Of note is that C. jejuni LOS
does not induce a TRIF-dependent IFN-� response in chicken
macrophages unlike its human counterpart (5); whether this is
responsible for the contrasting chicken versus human immune
outcomes requires further study.
Variation in C. jejuni LA phosphorylation has been reported

previously but not quantified (19). We demonstrate that the
degree of LAphosphorylation (ranging from�25–90%LAwith
three or four phosphate groups) correlates with TNF� expres-
sion. No differences between phosphate and PEA groups in the
TLR4-stimulatory capacity were observed, similar to our previ-
ous analyzes of N. meningitidis (24). Studies indicate that PEA
modification can also occur on Campylobacter N-linked glyco-
proteins and on the flagellar rod protein, thereby reducing anti-
microbial susceptibility (37, 38).
The alteration of Escherichia coli LPS from di- tomonophos-

phoryl is known to reduce TLR4 activation (39). The recently
elucidated crystal structure of the TLR4-MD2 complex with
hexaacylated E. coli LPS highlighted the critical importance of
LA phosphorylation in the formation of the TLR4-MD2 com-
plex (12). The two phosphate groups form interactions with a
cluster of positively charged residues on both MD2 and TLR4,
and a hydrogen bond forms with a residue in MD2, aiding the
formation of the heterodimer. Mata-Haro et al. (40) elegantly
showed that monophosphoryl-LA exclusively triggers the
TRIF-dependent pathway by activating PI3K, which blocks the
MyD88-Mal pathway, in contrast to diphosphorylated LA,
which activates the proinflammatory MyD88 pathway. It is
interesting to speculate that additional phosphate groups on C.
jejuni LOSmay form additional interactions in the TLR4-MD2
complex, increasing the signaling capacity of the receptor com-
plex and therefore increasing downstream MyD88-dependent
cytokine induction. Interestingly, modification of C. jejuni LA
with both phosphate and PEA residues is more frequent com-
pared with other pathogens that subvert host TLR4. H. pylori
LpxF actively dephosphorylates its LA, reducing TLR4 activa-
tion (41), and commensal Neisseria strains lack PEA unlike
their pathogenic counterparts (42). C. jejuni lacks LpxF,4 high-
lighting how these related �-proteobacteria have diverged in LA
structurewith a potential profound impact on disease outcome.
In contrast to sialylation and phosphorylation, alteration of C.
jejuni LA from ester to amide linkages leads to reduced TLR4
activation (18). In the present study, we quantified the abun-
dance of ester versus amide bonds and found a range of �14–
74% LA with four amide linkages. The decreasing proinflam-
matory response in THP-1 cells and primary monocytes after
treatment with C. jejuni LA containing fewer ester-linked acyl
chains (GlcN-GlcN) suggests that C. jejuni may have evolved

with modified acyl linkages to dampen TLR4 activation (18).
van Mourik et al. (18) hypothesize that a reduction in the flex-
ibility of amide linkages compared with ester linkages may
influence the formation of the TLR4-MD2 complex. The crys-
tal structure of the TLR4-MD2 complex supports this hypoth-
esis as the LA undergoes a conformation shift upon receptor
dimerization that might be impeded if there was reduced
flexibility between the acyl chains and the LA backbone (12).
Elicitation of similar monocytic cytokine responses between
purified LOS and whole bacteria suggested a limited role of
intrastrain variation in the present series of experiments. This
may reflect a lack of selective pressure under in vitro conditions
compared with those observed in the in vivo setting.
In conclusion, sialylation, phosphorylation, and abundance

of ester linkages all combined to affect TLR4 signaling and
TNF� expression, suggesting a cumulative impact of these LA
modifications on TLR4 activation. Importantly, this phenome-
non was similar in response to purified LOS and the corre-
sponding live bacteria, indicating that the C. jejuni LOS-TLR4
axis is likely to be amajor determinant of early innate immunity
to C. jejuni in the human host.
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