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Syndrome-Associated Campylobacter jejuni Strains by Human
Macrophages

Astrid P. Heikema,® Roman I. Koning,” Sharon Duarte dos Santos Rico,® Hans Rempel,© Bart C. Jacobs,® Hubert P. Endtz,?

Willem J. B. van Wamel,? Janneke N. Samsom*®

Department of Medical Microbiology and Infectious Diseases, Erasmus MC, University Medical Centre Rotterdam, Rotterdam, The Netherlands?; Department of Cell
Biology, Section Electron Microscopy, Leiden University Medical Centre, Leiden, The Netherlands®; Department of Laboratory Medicine, Veterans Affairs Medical Center,
San Francisco, California, USAS; Department of Neurology and Immunology® and Laboratory of Pediatric Gastroenterology,® Erasmus MC, University Medical Centre
Rotterdam, Rotterdam, The Netherlands

Molecular mimicry between Campylobacter jejuni sialylated lipooligosaccharides (LOS) and human nerve gangliosides can trig-
ger the production of cross-reactive antibodies which induce Guillain-Barré syndrome (GBS). To better understand the immune
events leading to GBS, it is essential to know how sialylated LOS are recognized by the immune system. Here, we show that GBS-
associated C. jejuni strains bind to human sialoadhesin (hSn), a conserved, mainly macrophage-restricted I-type lectin. Using
hSn-transduced THP-1 cells, we observed that C. jejuni strains with a(2,3)-sialylated LOS, including strains expressing GM1a-
and GD1a-like epitopes, bind to hSn. This observation is of importance, as these epitopes are frequently the targets of the cross-
reactive antibodies detected in GBS patients. Interestingly, the Sn binding domains were not constitutively exposed on the sur-
face of C. jejuni. Heat inactivation and the environmental conditions which food-borne C. jejuni encounters during its passage
through the intestinal tract, such as low pH and contact with bile constituents, exposed LOS and facilitated Sn binding. Sn bind-
ing enhanced bacterial uptake and increased the production of interleukin-6 (IL-6) by primary human Sn-expressing monocyte-

derived macrophages compared to control conditions, where Sn was blocked using neutralizing antibodies or when nonsialy-
lated C. jejuni was used. Sn-mediated uptake has been reported to enhance humoral immune responses. As C. jejuni strains
expressing ganglioside mimics GD1a and GM1a are closely associated with GBS, Sn binding may be a determining event in the
production of cross-reactive antibodies and the development of GBS.

Guillain-Barré syndrome (GBS) is an acute, rapidly progress-
ing, postinfectious neuropathy which results in severe muscle
paresis. In the acute phase of the development of GBS, autoanti-
bodies with specificity for gangliosides are frequently detected in
patient serum (1, 2). These antibodies bind to ganglioside struc-
tures which are enriched on the peripheral nerves, resulting in
immune-mediated damage and subsequent paralysis (3). Autoan-
tibodies against «(2,3)-sialylated carbohydrate epitopes, present
in gangliosides GM1a and GD1a, are especially detected in GBS
patients (3, 4). Although itis accepted that antecedent infection by
microorganisms carrying surface-exposed ganglioside-like struc-
tures can lead to production of anti-ganglioside antibodies (5-7),
the precise immune events leading to anti-ganglioside antibody
production are unclear. Infection with Campylobacter jejuni, an
intestinal pathogen, most commonly precedes the production of
anti-ganglioside antibodies and the development of GBS (7). Li-
pooligosaccharides (LOS) are major C. jejuni surface antigens that
may contain sialylated carbohydrate moieties which are structur-
ally identical to the carbohydrate moieties on human gangliosides
(8, 9). Depending on gene content, phase variation, and muta-
tions in the LOS biosynthesis loci, C. jejuni can express various
ganglioside-like structures (10). The presence of genes involved in
sialic acid biosynthesis and transfer is essential for the production
of these mimics (11).

Recent studies have demonstrated that sialylation of LOS en-
hances the infectivity of bacteria, elicits enhanced immune re-
sponses, and induces the production of anti-ganglioside antibod-
ies, leading to GBS (12-15). In particular, sialylated C. jejuni
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strains are more invasive in intestinal epithelial cells than nonsia-
lylated strains (12), and in patients, sialylated strains are associ-
ated with an increased severity of gastroenteritis (13). In addition,
sialylation induces a stronger IgM antibody response in the hu-
man host (13). By generating a Campylobacter sialyltransferase
(cst-1I) knockout mutant, we were able to demonstrate that sialy-
lation of LOS modulates dendritic cell (DC)-mediated T helper
cell differentiation and enhances DC-driven B-cell proliferation
(14, 15). Most importantly, the presence of cst-II in C. jejuni is
crucial for the induction of anti-ganglioside antibodies (16),
which have the capacity to induce peripheral nerve damage and
paralysis in rabbits and mice (17, 18).

Specific recognition of sialylated LOS versus nonsialylated LOS
by the host immune system can be considered a crucial step in
anti-ganglioside antibody formation.
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Toll-like receptor 4 (TLR-4) interacts with the lipid A compo-
nent of LOS; however, sialylation of the LOS outer core appears to
influence TLR-4 signaling, as neuraminidase-desialylated LOS
and cst-II mutant LOS activate DCs less efficiently, leading to re-
duced B-cell proliferation compared to that of the wild-type
strains (14). We hypothesize that other receptors, which specifi-
cally bind to sialylated carbohydrates, determine sialylated C. je-
juni LOS recognition. Two members of the sialic acid-binding
immunoglobulin-like lectin (Siglecs) family have been demon-
strated to specifically recognize sialylated C. jejuni LOS. A sialic
acid-specific interaction with Siglec-7 was demonstrated previ-
ously (19), and we have recently shown that sialoadhesin (Sn; also
called Siglec-1 and CD-169) from mice is able to bind to C. jejuni
LOS in a sialic acid-dependent manner. Interestingly, GBS-asso-
ciated C. jejuni strains, in particular, bound murine Sn (mSn)
(20). Sn is a conserved Siglec found in both rodents and humans,
and it is mainly expressed on macrophages (21). Therefore, in the
current study, we aimed to identify whether C. jejuni binds to
human Sn (hSn) expressed on macrophages and we assessed the
consequences of hSn binding on bacterial uptake, bacterial sur-
vival, and macrophage activation.

MATERIALS AND METHODS

Bacterial strains. A panel of 11 well-characterized C. jejuni strains with
known ganglioside-like structures was used in this study (see Table S1 in
the supplemental material) (11, 16). Eight strains isolated from GBS pa-
tients were selected, based on their properties of ganglioside mimic-spe-
cific binding to mSn, as previously demonstrated using enzyme-linked
immunosorbent assay (ELISA) (20). To verify sialic acid-specific binding,
two sialic acid transferase (cst-II) knockout mutants, GB2Acst-II and
GB11Acst-IT (16), and the reference C. jejuni strain NCTC 11186 (22),
were included. C. jejuni strains were routinely grown from —80°C stocks
and cultured on Colombia blood agar (BA) plates (BD Biosciences, Al-
phen aan den Rijn, The Netherlands), as previously described (20). For
the cryoelectron microscopy (cryo-EM) experiments and gentamicin ex-
clusion assays, bacteria were grown for 1 day on Campylobacter blood-
free, charcoal-based, selective medium agar (CSM) plates (BD Biosci-
ences) which contain 0.1% deoxycholate (DOC).

FITC labeling of C. jejuni strains. C. jejuni cultures were grown for 2
days, harvested, washed with phosphate-buffered saline (PBS), and incu-
bated for 1 h with 5 pl/ml fluorescein isothiocyanate (FITC; 100 mg/ml
stock solution in dimethylsulfoxide [DMSO]) with shaking. Unbound
FITC was removed by washing extensively with PBS, the bacteria were
heat inactivated for 45 min at 56°C in PBS containing 2 mM MgCl,, and
then the bacteria were stored in 10% glycerol broth at —80°C. Before use
in binding experiments, the bacteria were thawed and washed, and the
optical density at 600 nm (ODy,,) was adjusted to 1 in PBS (for C. jejuni,
an ODg, of 1 equals ~2.5 X 10 CFU/ml). In some experiments, the
bacteria were used directly after FITC labeling or incubated for 1 h in
PBS (pH 3.0) or in PBS (pH 7.0) containing 0.1% DOC (Sigma). The
fluorescence intensities of FITC-labeled C. jejuni were assessed using a
FACSCalibur flow cytometer (BD Biosciences).

Culture of THP-1 cells and preparation of human Sn-expressing
monocyte-derived macrophages. THP-1 (a human monocytic leukemia
cell line) and THP-1 cells transduced with full-length human Sn cDNA
(TSn or THP-1-Sn) were maintained as previously described (21). To
prepare Sn-expressing monocyte-derived macrophages (Sn™MDM:s),
human peripheral blood mononuclear cells were isolated from buffy coats
by density gradient centrifugation using Lymphoprep (Axis Shield, Oslo,
Norway), and CD14" monocytes were isolated by positive selection using
CD14 microbeads (Miltenyi Biotec, Utrecht, The Netherlands) according
to the manufacturer’s protocol. To obtain MDMs, the cells were grown on
low-attachment flasks in RPMI 1640 containing 10% human AB serum

2096 iai.asm.org

(HS), penicillin-streptomycin, 2 mM r-glutamine (growing medium),
and 25 ng/ml human macrophage colony-stimulating factor (M-CSF; In-
vitrogen, Breda, The Netherlands) for 5 days. To obtain SnT"MDMs, the
media were refreshed with growing medium containing 500 U/ml alpha
2a-interferon (IFN-a2a) (PBL, Piscataway, NJ), and the cells were cul-
tured for 2 days. Sn was also induced by culturing MDMs for 2 days in
media containing either E. coli lipopolysaccharide (LPS; 10 ng/ml; Sigma-
Aldrich, Zwijndrecht, Netherlands) or LOS isolated from C. jejuni GB11
or GB11Acst-IT (10 ng/ml), which was purified as previously described
(14).

Expression of Sn on THP-1 cells and MDMs. To determine the ex-
pression of Sn on THP-1, THP-1-Sn, MDMs, or Sn ™ MDMs, the cells were
incubated with PE-labeled mouse IgG1 k anti-human CD169 monoclonal
antibody (anti-hSn-PE; BioLegend, Uithoorn, The Netherlands) for 45
min at 4°C, fixed in paraformaldehyde (PFA), and analyzed using the
FACSCalibur flow cytometer. A PE-labeled mouse IgG1 k isotype anti-
body (BioLegend) was used as a control for background staining.

Binding of C. jejuni to Sn-transfected and wild-type THP-1 cells.
THP-1 and THP-1-Sn cells were harvested, washed, and resuspended in
RPMI 1640 media containing 1% fetal calf serum (FCS). FITC-labeled C.
jejuni was added at a cell/bacterium ratio of 1:100 and incubated for 2
h at 37°C in 5% CO,. The cells were washed to remove unbound
bacteria, fixed in 2% paraformaldehyde (PFA), and analyzed using a
FACSCalibur flow cytometer. To discriminate between living and dead
cells, the nuclear stain 7-amino-actinomycin D (7-AAD; BD Biosci-
ences) was added to the cells immediately before fluorescence-acti-
vated cell sorter (FACS) analysis.

For the Sn-blocking experiments, the cells were incubated with anti-
hSn-PE antibody for 15 min prior to the addition of bacteria; phycoery-
thrin (PE)-labeled mouse IgG1, k isotype control antibody (BioLegend)
was used as a control for Sn-specific blocking. For immunofluorescence
microscopy, the cells were incubated with FITC-labeled bacteria and
stained with anti-hSn-PE, cytospin preparations were made, and the ex-
pression of Sn was evaluated using an Olympus IX51 microscope and
Cell* imaging software (Olympus, Zoeterwoude, Netherlands).

Ganglioside mimics exposure on C. jejuni. C. jejuni strains GB11 and
GB11Acst-II were grown on BA plates either left untreated or heat inacti-
vated and incubated with biotinylated cholera toxin (CT-biotin) (Sigma-
Aldrich) diluted 1:100. The cells were subsequently incubated with
streptavidin-FITC diluted 1:100, washed, fixed using 2% PFA, and ana-
lyzed with a FACSCalibur flow cytometer.

Cryoelectron microscopy. C. jejuni strain GB11 was either grown on
BA plates or on DOC-containing CSM plates. Bacteria were left untreated
or were heat inactivated and incubated with CT-biotin diluted 1:100. Sub-
sequently, they were labeled with streptavidin-conjugated quantum dots
525 (1:50, vol/vol) (Invitrogen). The samples were vitrified using a Vitro-
bot Mark IV (FEI) at room temperature and 100% humidity, blotted for 2
satblot force 10 using filter paper, and then plunged into an ~2:1 mixture
of liquid ethane and propane, which was cooled using liquid nitrogen. The
vitrified samples were mounted in a Gatan 626 high-tilt cryo holder and
imaged using a Tecnai F20 transmission electron microscope (TEM) at
200 kV (FEI). The images were recorded with 2k X 2k (pixels) charge-
coupled-device (CCD) cameras (GIF 2002; Gatan GmbH) with postcol-
umn energy filters in zero-loss mode using a slit width of 20 eV.

Binding and uptake of C. jejuni by Sn-expressing MDMs.
Sn*MDM s were harvested from low-attachment culture plates using cell
dissociation buffer (Invitrogen), washed, and resuspended in RPMI 1640
containing 1% HS, and the binding of C. jejuni to Sn " MDMs was deter-
mined as described for THP-1 cells. To distinguish between internalized
and external bacteria, the external bacteria were quenched with 0.2%
trypan blue (MP Biomedicals, Illkirch, France) for 20 min prior to flow-
cytometric analysis.

Gentamicin exclusion assay. Human CD14™ monocytes were grown
on 24-well plates in growing medium containing 25 ng/ml M-CSF. After 5
days, media were changed to that lacking penicillin-streptomycin but
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containing 500 U/ml IFN-a:2a (PBL), and cells were grown for another 2
days. Cells were either left untreated or were preincubated for 15 min with
anti-hSn-PE antibody. C. jejuni organisms harvested from overnight cul-
tures on CSM plates were added at a multiplicity of infection (MOI) of 50
and incubated for 3 h, after which the cells were washed and the media
replaced with growth media containing 200 pg/ml gentamicin. After 2 h,
cells were washed and lysed in Hanks balanced salt solution (HBSS) con-
taining 0.2% Triton X-100. Serial dilutions were prepared and plated on
BA plates. After overnight culture under microaerophilic conditions, the
number of colonies was counted.

Cytokine measurements. Sn *MDMs cultured in 96-well plates were
either left untreated or pretreated with anti-hSn-PE or an isotype control
antibody for 15 min, and then they were incubated with heat-inactivated
C. jejuni strains at a cell/bacterium ratio of 1:100 in growing medium
lacking penicillin-streptomycin. The supernatants were harvested after 6
h, and cytokine levels were measured using a cytometric bead array (CBA)
human inflammatory cytokine kit (BD Biosciences) according to the
manufacturer’s instructions.

Statistical analysis. One-way analysis of variance (ANOVA) (SPSS
software) and two-tailed t tests (GraphPad Prism software) were used for
statistical analysis, as indicated.

RESULTS

C. jejunibinds to human Sn expressed on Sn-transduced THP-1
cells. THP-1 cells transduced with full-length hSn ¢cDNA (THP-
1-Sn) were used to identify whether C. jejuni interacts with hSn
(21). Flow-cytometric analysis confirmed high levels of Sn mem-
brane expression on THP-1-Sn cells (mean fluorescence intensity
[MFI], 1,526.3 = 24.7; n = 3), whereas Sn expression was low on
untransduced THP-1 cells (MFIL 6.7 = 0.2; n = 3) (Fig. 1A). To
assess whether C. jejuni binds to hSn, THP-1-Sn cells and control
THP-1 cells were incubated with heat-inactivated FITC-labeled C.
jejuni strain GB11, which was previously shown to bind mSn (20).
Flow-cytometric analysis revealed a strong association of GB11-
FITC with THP-1-Sn cells (MFI, 81.2 * 7.3; n = 3), while virtually
no FITC signal was detected on THP-1 cells (MFI, 3.5 £ 0.3; n =
3) (Fig. 1B). To visualize the binding of C. jejuni strain GB11 to
hSn, THP-1-Sn and control THP-1 cells incubated with C. jejuni-

FIG 1 C. jejuni interacts with human Sn expressed on THP-1-Sn cells in a
sialic acid- and Sn-dependent manner. (A) Confirmation of Sn expression on
THP-1-Sn cells. Flow-cytometric analysis of Sn expression on THP-1 and
THP-1-Sn cells, using an anti-hSn-PE antibody or isotype control antibody.
Events indicate the FL-2 signal within the live cell population of unstained cells
(filled gray curves), isotype control-stained cells (dotted-line curves), and anti-
hSn-PE-stained cells (solid-line curve). (B) Flow-cytometric analysis of the
interaction of heat-inactivated FITC-labeled C. jejuni strain GB11 incubated
with THP-1 or THP-1-Sn cells for 2 h. Events indicate the FL-1 signal within
the living cell population in the absence (filled gray curves) or presence (solid-
line curves) of FITC-labeled GB11. (C) Immunofluorescent staining of hSn on
THP-1 and THP-1-Sn cells incubated with heat-inactivated FITC-labeled C.
jejuni strain GB11 for 2 h, using an anti-hSn-PE antibody. C. jejuni is shown in
green, hSn in red. (D) Flow-cytometric analysis of the interaction of FITC-
labeled C. jejuni strains GB11 and GB11Acst-II with THP-1-Sn cells in the
presence or absence of hSn blocking using an anti-hSn antibody or isotype
control antibody, respectively. The percentages of cells binding C. jejuni within
the living cell populations are indicated. (E) Binding of a panel of FITC-la-
beled, heat-inactivated C. jejuni strains with known ganglioside-mimicking
structures to THP-1-Sn cells. The cells were either untreated (white bars) or
pretreated with an antibody against hSn (gray bars) or an isotype control
antibody (black bars). Living cells were gated and used for analysis. Results
represent the data from one experiment that was repeated at least two times,
shown as means = SD of triplicate measurements. *, P < 0.05 (by one-way
ANOVA) for the comparison of untreated (white bars) and isotype control
treatment (black bars) versus anti-hSn treatment (gray bars).
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FITC were cytospun onto glass slides, fixed, and stained with anti-
hSn-PE. Fluorescence microscopy revealed a clear binding of C.
jejuni strain GB11 with Sn on THP-1-Sn cells (Fig. 1C, upper),
whereas almost no interaction between GB11 and control THP-1
cells was observed (Fig. 1C, lower). A difference in cellular mor-
phology was observed between the parental THP-1 cells and the
THP-1-Sn cells. This difference is probably due to aspecific prim-
ing of the cells by the transduction method.

Binding of C. jejuni to THP-1-Sn cells is sialic acid and Sn
dependent. To determine whether the binding of C. jejuni to hSn
was sialic acid specific, we incubated THP-1-Sn cells with heat-
inactivated, FITC-labeled wild-type C. jejuni strain GBIl or
FITC-labeled bacteria from a previously generated sialic acid
GB11 knockout mutant (denoted GB11Acst-II) (16). Flow-cyto-
metric analysis demonstrated that 82.2% of THP-1-Sn cells bound
GB11, whereas only 0.4% bound GB11Acst-II cells, indicating that
the presence of sialic acid was crucial for hSn binding (Fig. 1D). To
confirm that GB11 bound to Sn and not to other cell surface pro-
teins, THP-1-Sn cells were treated for 15 min with an antibody
against hSn before addition of the bacteria. Pretreatment with the
anti-hSn antibody almost completely neutralized the binding of
GB11 to THP-1-Sn cells, reducing the proportion of positive cells
t0 2.9% (Fig. 1D). Preincubation with an isotype control antibody
had no effect on Sn binding (Fig. 1D).

Ganglioside mimic-specific interaction of C. jejuni with hu-
man Sn. Using an ELISA, we previously demonstrated that mSn
binds to C. jejuni strains which express terminal (2, 3)-linked
sialic acid residues, as found in gangliosides such as GM3, GDl1a,
GM1b, and GT1b (20, 23). To identify whether hSn has a binding
profile similar to that of mSn, the binding of C. jejuni strains with
known ganglioside-mimicking structures to hSn was tested using
THP-1-Sn cells. In agreement with the mSn binding capacities, C.
jejuni strains GB2, GB11, GB26, and GB31 positively bound hSn,
and C. jejuni strains GB1, GB11Acst-II, and GB19 did not bind
hSn (Fig. 1E) (20). Unexpectedly, hSn bound the C. jejuni strains
GB13 and GB14, which were not recognized by mSn (Fig. 1E).
GB13 and GB14 both express GM1a-like LOS (11). The GM1la
structure does not contain a terminally linked sialic acid residue
but instead contains an «(2,3)-linked sialic acid attached to an
internal galactose of the LOS outer core, and hSn apparently can
interact with this internal sialic acid. The enteritis-associated C.
jejuni reference strain 11168 also has GM1a-ganglioside mim-
icry. Investigation of the hSn binding capacity of this strain
indicated that 11168 could bind to THP-1-Sn cells at a rela-
tively low level compared to strains GM13 and GM 14 (Fig. 1E).
Similar to GB11Acst-II, GB2Acst-1I did not bind to hSn, again
demonstrating that an absence of sialic acid in the LOS pre-
vents hSn binding (Fig. 1E). It should be noted that THP-1-Sn
cells were also incubated with an antibody against human Sn
for 15 min prior to addition of the bacteria as a control for
Sn-specific binding. Preincubation with anti-hSn antibody sig-
nificantly reduced the Sn binding capacity of all strains, as il-
lustrated by a reduction in cell-associated fluorescence inten-
sity to background levels (P < 0.05 by one-way ANOVA);
however, an isotype control antibody did not affect cell-asso-
ciated fluorescence (Fig. 1E). To determine if the strains were
adequately labeled, the FITC-labeled bacteria were analyzed by
flow cytometry. Although there was slight variation in the la-
beling intensities, the MFI was generally high (MFI, 1,053 *=
170) (see Fig. S1 in the supplemental material).
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Growth conditions determine ganglioside mimic exposure
and Sn binding. In the experiments described above, heat-inacti-
vated bacteria grown on BA plates were used to determine Sn-
dependent binding. The binding of untreated bacteria grown on
BA plates to THP-1-Sn cells was also assessed, and surprisingly, no
binding was observed (data not shown). Cholera toxin (CT)
strongly binds to ganglioside GM1 (24). To determine whether
the ganglioside mimics were adequately exposed on the bacterial
surface, living and heat-inactivated bacteria from the GB11 (GM1
positive) and GB11Acst-1I (GM1 negative) strains were incubated
with CT-biotin and streptavidin-FITC and analyzed by flow cy-
tometry. Indeed, CT-biotin was able to bind to strain GB11 when
the bacteria were heat inactivated; however, the binding was se-
verely reduced when the strain was left untreated (Fig. 2A). As
expected, CT-biotin did not bind to heat-inactivated or untreated
GB11Acst-II, which lacks a GM1-like structure (Fig. 2A). We in-
vestigated whether the exposure of bacteria to environmental con-
ditions similar to those they would encounter after ingestion, such
as low pH or bile salts in the stomach and intestine, respectively,
would influence the exposure of ganglioside mimics on the bacte-
rial cell surface. Therefore, C. jejuni strain GB11 was cultured on
BA plates, FITC labeled, and incubated for 1 h in PBS (pH 3.0) or
in PBS (pH 7.0) containing 0.1% DOC, and then the binding to
THP-1-Sn cells was analyzed using FACS. Compared to untreated
bacteria, incubation at pH 3.0 and, to an even greater extent, in-
cubation in 0.1% DOC enhanced the bacterial ability to bind
THP-1-Sn cells (Fig. 2B). Furthermore, when the bacteria were
freshly cultured on commercial CSM plates which contain 0.1%
DOC, Sn-specific binding of the bacteria to THP-1-Sn cells was
also observed (Fig. 2C). In order to localize the exposure of gan-
glioside mimics on the bacterial cell surface, untreated GB11 cul-
tured on BA plates, GB11 cultured on BA plates and heat inacti-
vated, and CSM plate-cultured GB11 were incubated with CT-
biotin and subsequently with streptavidin-conjugated quantum
dots and visualized by cryo-EM. Quantum dots were visible on the
heat-inactivated and CSM plate-grown bacteria and covered the
surface of the bacteria (Fig. 2D). Interestingly, no quantum dots
were present on the surface of most of the BA plate-grown, non-
heat-inactivated bacteria.

IFN-a and C. jejuni LOS induce the expression of Sn by
monocyte-derived macrophages. To study Sn-dependent bind-
ing and internalization and the functional consequences of Sn
binding in a more biologically relevant setting, we used Sn-ex-
pressing primary human macrophages. As it has been demon-
strated that Sn expression can be induced on CD14™ monocytes
by stimulation with IFN-a (21), we investigated whether IFN-a
induced expression of Sn on human MDM. After 2 days of culture
with IFN-a, MDMs exhibited expression of Sn (MFI, 68.4 * 4.3;
n = 3), whereas non-IFN-a-stimulated MDMs remained negative
for Sn (MFI, 3.9 = 0.5; n = 3) (Fig. 3A). We also tested if C. jejuni
LOS could directly induce expression of Sn by MDMs and, there-
fore, whether LOS could modulate its own recognition. Flow-
cytometric analysis revealed that GB11 LOS potently induced the
expression of Sn by MDMs at a level similar to that of IFN-«
treatment (Fig. 3B). The induction of Sn by C. jejuni LOS was not
sialic acid dependent, as treatment with nonsialylated LOS iso-
lated from strain GB11Acst-II or treatment with purified E. coli
LPS resulted in similar levels of Sn expression in MDMs (Fig. 3B).

Binding to Sn enhances the uptake of C. jejuni by MDMs. As
primary monocyte-derived macrophages express many different
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Bacteria were either heat inactivated or left untreated and then subsequently incubated with CT-biotin and streptavidin-FITC. (B) Flow-cytometric analysis of
the binding of FITC-labeled C. jejuni strain GB11 to THP-1-Sn cells. Bacteria grown on BA plates were left untreated, incubated for 1 h in PBS (pH 3.0) or in PBS
(pH 7.0) containing 0.1% DOC, or heat inactivated. (C) Flow-cytometric analysis of the binding of FITC-labeled C. jejuni strain GB11 to THP-1-Sn cells. Bacteria
were grown on either BA plates or CSM plates. THP-1-Sn cells were left untreated (white bars) or were pretreated to block Sn binding using an anti-hSn antibody
(gray bars). (D) Cryo-EM visualization of C. jejuni strain GB11 grown on BA plates and left untreated (a), grown on BA plates and heat inactivated (b), or grown
on CSM plates and left untreated (c). The bacteria were incubated with CT-biotin followed by streptavidin-conjugated quantum dots.

pattern recognition molecules, which may not all be present on
THP-1 cells, we assessed whether the binding of C. jejuni to hSn on
IFN-a-induced primary MDMs (Sn"MDMs) was similar to that
of THP-1-Sn cells. The Sn-specific binding of a selection of C.
jejuni strains to Sn"MDMs was determined. In particular, four
strains (GB11, GB13, GB26, and GB31) that positively bound
THP-1-Sn cells and two strains (GB1 and GB11Acst-II) that did
not bind THP-1-Sn cells were included in the flow-cytometric
binding assay. All of the C. jejuni strains tested showed an inter-
action with Sn*MDMs. However, the fluorescence intensities of
Sn*MDM:s incubated with strains GB11, GB26, and GB31 were
higher than those of strains GB1 and GB11Acst-II (Fig. 3C), indi-
cating that increased numbers of GB11, GB26, and GB31 were
associated with each individual Sn"MDM cell. Pretreatment of
Sn*MDM s with an antibody against hSn significantly reduced the
binding of strains GB11, GB26, and GB31 (P < 0.05 by one-way
ANOVA) to levels similar to those of Sn™ MDMs incubated with
strains GB1 and GB11Acst-II. Pretreatment with the hSn antibody
had no significant effect on the interaction of Sn"MDMs with
strains GB1 and GB11Acst-I1. Additionally, pretreatment with an
isotype control antibody did not influence the interaction of
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Sn"MDMs with any C. jejuni strain, indicating that the enhanced
interactions of strains GB11, GB26, and GB31 with Sn* MDMs,
unlike those of strains GB1 and GB11Acst-II, were hSn specific.
Overall low binding to Sn*MDM:s was observed for strain GB13.
Pretreatment of Sn*MDMs with an antibody against hSn, how-
ever, did result in a significant reduction in binding, whereas pre-
treatment with an isotype control antibody had no effect. This
indicates that the enhanced binding of C. jejuni strain GB13 to
Sn*MDMs was Sn specific and that the internal «(2,3)-linked
sialic acid, as present in the GM1a-like structure on strain GB13,
indeed binds to hSn.

To determine whether Sn binding is a prerequisite to bacterial
endocytosis, the extracellular bacteria in the experiment described
above were quenched using trypan blue, and the cells were rean-
alyzed using flow cytometry. The MFI of Sn*MDMs incubated
with hSn binding strains GB11, GB26, and GB31 was higher than
that of Sn"MDMs incubated with the non-hSn-binding strains
GB1 and GB11Acst-1I (Fig. 3D), indicating that Sn binding leads
to increased uptake of bacteria. In agreement with this hypothesis,
preincubation with anti-Sn significantly decreased bacterial up-
take (P < 0.05 by one-way ANOVA). As could be expected from
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FIG 3 Sn-specific binding of sialylated C. jejuni strains results in enhanced
uptake by Sn*MDMs. Human monocyte-derived macrophages were either
left untreated (MDMs) or treated with IFN-a to induce expression of Sn
(Sn"™MDM:s), and then Sn expression and the capacity to bind and internalize
C. jejuni were quantified. FITC-labeled, heat-inactivated C. jejuni stains were
incubated with the cells for 2 h prior to flow-cytometric analysis. Living cells
were gated and used for analysis. (A) Flow-cytometric analysis of the expres-
sion of Sn on human MDMs and Sn"MDMs in unstained cells (filled gray
curve) and cells stained with anti-hSn-PE (solid-line curve) or a PE-labeled
isotype control antibody (dotted-line curve). (B) Flow-cytometric analysis of
the expression of Sn on untreated human MDMs or MDMs incubated for 48 h
with either IFN-a (500 U/ml), E. coli LPS (10 ng/ml), C. jejuni GB11, or
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the previously described binding experiment, the MFI of
Sn*MDM s incubated with strain GB13 again were relatively low.
Preincubation with anti-Sn antibody, however, significantly re-
duced the uptake of strain GB13 (P < 0.05 by one-way ANOVA).
There was no difference in the interaction of untreated and isotype
control antibody-treated cells, confirming that the increased in-
ternalization of strains GB11, GB13, GB26, and GB31 was Sn de-
pendent. To assess the quenching efficiency of trypan blue, FITC-
labeled C. jejuni strains were analyzed by flow cytometry before
and after incubation with trypan blue. Trypan blue severely re-
duced the fluorescent signal of all strains (see Fig. S2 in the sup-
plemental material).

Sn-specific binding enhances phagocytosis of living C. jejuni
by Sn*MDMs. To further assess phagocytosis using live, un-
stained bacteria, we performed gentamicin exclusion assays using
Sn"MDMs which had been incubated for 3 h with fresh, CSM
plate-grown GB11 or GB11Acst-II. Sn-specific binding signifi-
cantly increased the uptake of C. jejuni by untreated cells com-
pared to that of cells pretreated with anti-Sn antibody (P < 0.05 by
two-tailed ¢ test) (Fig. 4). The survival of C. jejuni in Sn™MDMs
was also assessed, and we observed that all of the bacteria were
dead after 24 h (data not shown), indicating that Sn binding does
not result in altered intracellular trafficking or escape of C. jejuni
from lysosomal degradation.

Sn binding elevates production of the cytokine IL-6 by
Sn*MDMs. To assess if the interaction of C. jejuni with Sn af-
fected cytokine production, Sn“MDMs were incubated for 6 h
with wild-type GB11 or GB11Acst-II, and then the levels of six
cytokines were measured in the cell culture supernatants. The cy-
tokine interleukin-6 (IL-6) was specifically elevated in an Sn- and
sialic acid-dependent manner (Fig. 5A). IL-6 levels were signifi-
cantly higher when Sn"MDMs were incubated with wild-type
GBI11 than when Sn*MDMs were incubated with GB11Acst-IT
(P < 0.05 by t test). High levels of IL-8 and tumor necrosis factor
alpha (TNF-a) were also induced by C. jejuni (19,867 = 3,683 and
19,704 * 4,709 pg/ml, respectively); however, the induction of
these cytokines was not Sn dependent (Fig. 5B and C). Other cy-
tokines, such as IL-1b, IL-10, and IL-12p70, were also induced in
an Sn-independent manner to levels between ~100 and 400 pg/ml
(data not shown).

DISCUSSION

In this study, we demonstrated that C. jejuni strains isolated from
patients with GBS can bind to Sn expressed on primary human
macrophages via the presence of sialic acid residues in the bacterial
LOS. Using Sn-transduced THP-1 cells and primary human mac-

GB11Acst-1I LOS (10 ng/ml) and subsequently stained with anti-hSn-PE. (C)
Interaction of FITC-labeled C. jejuni strains containing known ganglioside-
mimicking structures with Sn* MDMs which had been untreated (white bars)
or pretreated with an antibody against hSn (gray bars) or with an isotype
control antibody (black bars). Results represent data from one experiment that
was repeated at least one time. Means % SD from triplicate measurements are
shown. (D) Internalization of C. jejuni strains by Sn " MDMs. Sn * MDMs were
incubated with FITC-labeled bacteria as described for panel C and then treated
with trypan blue prior to flow-cytometric analysis to discriminate between
external and internalized bacteria. For panels C and D, *, P < 0.05 (one-way
ANOVA) for comparison of untreated (white bar) and isotype control treat-
ment (black bar) versus anti-hSn treatment (gray bar). **, P < 0.05 (¢ test) for
GB11 versus GB11Acst-II (the combined MFI values of the untreated [white
bar] and isotype control-treated [black bar] conditions were compared).
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FIG 4 Sn mediates the phagocytosis of C. jejuni. Sn " MDM:s were left untreated or
were pretreated with an antibody against hSn and then incubated with C. jejuni
strain GB11 or GB11Acst-II for 3 h. The gentamicin exclusion assay was used to
quantify the number of internalized bacteria. Results represent data from one
experiment that was repeated at least two times. Means * standard errors of the
means from triplicate measurements are shown. *, P < 0.05 (¢ test).

rophages, we showed that C. jejuni strains, in particular those
containing a(2,3)-linked sialic acid residues, as present in the gan-
gliosides GM1a, GD1a, GM1b, and GM3, bind to hSn. Ganglio-
side-like structures were not constitutively exposed on the bacte-
rial surface but required particular growth conditions or
treatments. Direct growth of the bacteria on media containing
DOC or treatment of C. jejuni initially grown on BA plates by heat
inactivation, incubation at pH 3.0, or exposure to DOC was nec-
essary for Sn binding. In primary human macrophages, Sn bind-
ing resulted in enhanced bacterial uptake and increased release of
cytokine IL-6. Regardless of Sn binding, internalized bacteria were
killed within 24 h, suggesting that Sn binding does not enable C.
jejuni to escape lysosomal degradation.

It has previously been reported that mSn has a preference for
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FIG 5 Production of the cytokine IL-6 is elevated in C. jejuni-treated
Sn*MDMs. Sn*MDMs were left untreated or were pretreated with an anti-
hSn antibody or an isotype control antibody, incubated for 6 h with C. jejuni
strain GB11 or GB11Acst-I1, and then IL-6 (A), IL-8 (B), or TNF-a (C) pro-
duction was measured. The cytokine levels in the cell supernatants were quan-
tified using a cytometric bead array human inflammatory cytokine kit. The
plots display the mean values from triplicate measurements (indicated by the
line) and the range values from one representative experiment that was re-
peated at least two times. *, P < 0.05 (¢ test) for GB11 versus GB11Acst-II; the
combined values from the untreated and isotype control-treated conditions
were compared.

June 2013 Volume 81 Number 6

Sn Binding Enhances C. jejuni Uptake by Macrophages

binding terminal «(2,3)-linked sialic acid, which is present on
purified gangliosides, such as GT1b, GDla, and GM3 (23). We
recently demonstrated that the ganglioside-like structures present
in the LOS on the surface of C. jejuni have binding properties
similar to those of purified gangliosides (20). Using hSn in this
study, we showed that internal «(2,3)-linked sialic acids, as pres-
ent in GM1a-like LOS, as well as terminal «(2,3)-linked sialic
acids can bind to hSn. This is of interest, as C. jejuni strains carry-
ing a(2,3)-sialylated LOS structures, especially the strains express-
ing GM1a- and GD1a-like LOS, are associated with GBS. It should
be noted that the enteritis-associated C. jejuni reference strain
11168 could also bind Sn; however, it did so at relatively low levels,
despite the presence of GMIla-ganglioside mimicry. Besides a
GM1a-like structure, C. jejuni strain 11168 also has GM2 mimicry
(see Table S1 in the supplemental material). The relatively low
level of hSn binding for C. jejuni strain 11168 may be due to com-
plex formation between the GM1a and the GM2 mimic, as it has
been demonstrated that ganglioside complexes can attenuate Sig-
lec binding (25). Low expression of ganglioside mimics on strain
11168 may also account for the relatively low Sn binding that was
observed. Alternatively, other bacterial structures than terminal
or internal a(2,3)-linked sialic acids may inhibit or enhance bind-
ing to hSn.

Our finding that specific microenvironments are crucial for the
binding of C. jejuni to Sn is of particular importance. In this study,
both heat-inactivated and living bacteria were used to assess Sn-
dependent bacterial binding and uptake. An association with Sn
could not be detected when living bacteria grown on standard BA
plates were tested, whereas heat inactivation resulted in Sn bind-
ing. This discrepancy was explained by exploring LOS exposure
on living and heat-inactivated C. jejuni using biotinylated CT,
which has a high binding affinity for surface-exposed GM1. In
agreement with the observed Sn binding capacity, FACS analysis
and cryo-EM revealed that GM 1 was extensively exposed when C.
jejuni was heat inactivated. The fact that GBS patients often have
antibodies against C. jejuni LOS indicates that these structures are
exposed during the course of infection. Therefore, we reasoned
that the outer surface of C. jejuni is altered during the passage of
food-borne C. jejuni through the stomach and intestine by, for
example, modification of its glycosylation composition, a reduc-
tion or loss of the capsular layer, differential expression of mem-
brane proteins, or conformational changes of surface proteins (26,
27). Indeed, when living bacteria were incubated at low pH or in
buffer containing the bile constituent DOC, or when the bacteria
were grown on culture plates containing DOC, the LOS were ex-
posed and able to bind Sn. Culture of C. jejuni in the presence of
DOC may also enhance LOS expression; however, microarray-
based analysis has indicated that the expression of genes involved
in LOS biosynthesis or modification are not upregulated in the
presence of DOC (28). In future experiments, we plan to assess the
role of the capsule in Sn binding.

We further explored the possible role of Sn in GBS by studying
primary human macrophages. Using CHO cells transfected with
mSn, we previously demonstrated that Sn is sufficient for the
binding of ganglioside-like structures without the need for addi-
tional coreceptors (20). However, unlike most Siglecs, Sn lacks
intracellular signaling motifs; thus, it most likely cooperates with
other surface molecules. Our data clearly indicate that Sn binding
leads to enhanced phagocytosis of C. jejuni. This is in line with a
previously described role for Sn in microbial uptake. Neisseria
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meningitides, HIV, and porcine reproductive and respiratory syn-
drome virus (PRRSV) are internalized upon Sn binding in an
Sn-specific manner (21, 29, 30). These observations raise ques-
tions regarding the consequences of Sn-mediated phagocytosis.
Sn binding may play a role in redirecting C. jejuni or the LOS to
specific intracellular compartments. For example, Sn accompa-
nies PRRSV from the cell surface to inside the cell just beneath the
plasma membrane, after which the virus can be detected in early
endosomes (30). Regardless of Sn dependency, the uptake of C.
jejuni by macrophages resulted in bacterial death within 24 h,
indicating that Sn-mediated uptake of C. jejuni does not enable
the bacteria to escape lysosomal degradation in macrophages.

Alternatively, Sn-mediated uptake of C. jejuni may affect the
macrophage activation state and cytokine release, leading to al-
tered innate immunity. Indeed, Sn-mediated C. jejuni uptake en-
hanced the release of IL-6 by primary macrophages. Moreover, in
collaboration, we have recently shown that sialylation of LOS in-
creased the production of type I interferons in mice (31). These
data imply that Sn-mediated uptake determines the quality of the
innate immune response to C. jejuni.

Sn may also indirectly affect antigen presentation to other cells
of the immune system via its selective expression pattern on spe-
cific immune cells. Sn is mainly expressed on tissue-resident mac-
rophages found in the intestine, marginal zone of the spleen, and
subcapsular sinus of lymph nodes (32). One function of these
macrophages is the presentation of antigenic debris to follicular
DCs and B cells (33). As such, it can be envisaged that increased
Sn-mediated binding and/or phagocytosis may lead to the presen-
tation of more C. jejuni fragments, resulting in increased immune
activation. Evidence for a direct role of Sn-mediated uptake in
antibody production is provided by a recent immunization study
of pigs, which demonstrated that direct targeting of the immuniz-
ing protein to Sn resulted in a more rapid and robust induction of
specific IgM and IgG immune responses compared to immuniza-
tion with the protein alone (34). Further study is required to con-
firm whether Sn-dependent uptake leads to C. jejuni antigen trap-
ping and presentation, resulting in cross-reactive anti-ganglioside
antibody production.

In conclusion, this study demonstrates that GBS-associated
sialylated C. jejuni strains are able to bind to hSn, which results in
enhanced production of the cytokine IL-6 and increased uptake of
the bacteria by monocyte-derived macrophages. Sn-mediated dif-
ferentiation between C. jejuni strains on the basis of ganglioside
mimic expression may be an important initial event in the pro-
duction of anti-ganglioside antibodies and the development
of GBS.
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