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Sialoadhesin Promotes Rapid Proinflammatory and Type I
IFN Responses to a Sialylated Pathogen, Campylobacter jejuni

Mariliis Klaas,* Cornelia Oetke,* Leanne E. Lewis,Jr Lars P. Erwig,dr Astrid P. Heikema,JIE
Alistair Easton,§ Hugh J. Willison,§ and Paul R. Crocker#*

Sialoadhesin (Sn) is a macrophage (Mo)-restricted receptor that recognizes sialylated ligands on host cells and pathogens.
Although Sn is thought to be important in cellular interactions of M¢s with cells of the immune system, the functional con-
sequences of pathogen engagement by Sn are unclear. As a model system, we have investigated the role of Sn in M¢ interactions
with heat-killed Campylobacter jejuni expressing a GD1a-like, sialylated glycan. Compared to Sn-expressing bone marrow-derived
macrophages (BMDM) from wild-type mice, BMDM from mice either deficient in Sn or expressing a non-glycan-binding form of
Sn showed greatly reduced phagocytosis of sialylated C. jejuni. This was accompanied by a strong reduction in MyD88-dependent
secretion of TNF-a, IL-6, IL-12, and IL-10. In vivo studies demonstrated that functional Sn was required for rapid TNF-« and
IFN-P responses to i.v.-injected sialylated C. jejuni. Bacteria were captured within minutes after i.v. injection and were associated
with Mes in both liver and spleen. In the spleen, IFN-B-reactive cells were localized to Sn* M¢s and other cells in the red pulp
and marginal zone. Together, these studies demonstrate that Sn plays a key role in capturing sialylated pathogens and promoting

rapid proinflammatory cytokine and type I IFN responses.

ialic acids are a large family of nine-carbon sugars that are

normally found at the terminal, exposed positions of glycans

at the cell surface and on secreted proteins. Sialic acid can
also be expressed on the surface of several medically important
human pathogens such as Campylobacter jejuni, Neisseria menin-
gitidis, Group B Streptococcus, and Trypanosoma cruzi (reviewed
in Ref. 1), as well as on enveloped viruses including HIV (2). The
presence of sialic acid on pathogens may contribute to molecular
mimicry in which pathogens disguise themselves as host cells and
thus circumvent and/or counteract the host’s immune responses
(reviewed in Ref. 3).

The major group of host sialic acid binding proteins are the siglecs,
which are type I transmembrane proteins mostly expressed in the
immune system (reviewed in Ref. 1). Sialoadhesin (Sn) is one of the
most prominent siglecs with 17 Ig-like extracellular domains. It is
well conserved between mice and humans where it is expressed by
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macrophage (M¢) subsets both under resting and inflammatory
conditions (4, 5). Sn is distinct from other siglecs in having an
unusually large number of Ig domains and in not having cyto-
plasmic or transmembrane signaling motifs (1, 6, 7). These fea-
tures are more consistent with a role in cell—cell recognition func-
tions as opposed to intrinsic cell signaling. Recent findings
have shown that Sn mediates cross talk between inflammatory
Mes and T cell subsets that express Sn ligands (8), thereby pro-
moting inflammatory responses during certain autoimmune diseases
(9-11). Sn is constitutively expressed at high levels on subsets of
Mes that are strategically positioned to encounter pathogens in
plasma and lymph, namely the marginal zone of the spleen and the
subcapsular sinus of the lymph nodes (4). These Sn-expressing
Mes have been shown to play important roles in Ag capture and
transfer to B cells (12-14) and dendritic cells (15), as well as
directly presenting glycolipid Ags to invariant NKT cells (16).
To investigate the role of Sn in M¢ phagocytosis and cytokine
responses to a sialylated pathogen, we have used heat-killed C.
Jjejuni as a model system. C. jejuni is a cause of human gastroen-
teritis and is able to synthesize sialic acid-containing, ganglioside-
like mimics on its surface-exposed lipooligosaccharide (LOS) core
(1, 17). A complication of C. jejuni infection in a small proportion
of infected individuals is the triggering of an acute postinfectious
neuroinflammatory disease, Guillain—Barré syndrome, which can
develop, generally, 2-3 wk after the initial C. jejuni infection (18).
This autoimmune disease is thought to be mediated by structural
similarities between peripheral nerve gangliosides and ganglioside-
like carbohydrates expressed on the surface LOS of C. jejuni. These
LOS glycans induce autoantibody responses that subsequently bind
nerve gangliosides and damage tissue (19). Previous studies have
demonstrated that sialylation can enhance pathogenicity by in-
creasing invasiveness in intestinal epithelial cells (20). Sialylated C.
Jejuni can also be recognized by siglecs depending on the type of
oligosaccharide presented on the LOS (17, 21). Gangliosides GT1b,
GDla, and GM3, which express terminal a2—3 linked sialic acid,
are recognized by Sn, whereas binding is weak to the gangliosides
GM1 and GM2, which only express an “internal” sialic acid residue
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(22). In the case of C. jejuni displaying GDla-like structures, Sn
expressed on CHO cells has been shown to enhance the binding of
bacteria (21). This suggests that Sn may be targeted by bacteria
in vivo and play a role in modulating immune responses to C. jejuni,
but direct evidence for this is lacking.

In the current study, we have examined the in vitro and in vivo
role of Sn in recognition and uptake of C. jejuni. Using mice that
either lack Sn or express a mutant form of Sn that is unable to bind
sialic acid, we demonstrate that Sn is required for rapid uptake
of the GB11 strain of C. jejuni displaying GDla- and GM1-like
structures, leading to triggering of cytokine responses. Remark-
ably, when sialylated bacteria were injected i.v., they were rapidly
localized within the spleen and liver and triggered high-level
production of TNF-a and IFN-B in an Sn-dependent manner, as
measured by cytokine levels in serum, spleen mRNA responses, and
immunohistochemistry. This indicates that Sn is a potentially im-
portant pathogen recognition molecule for systemically introduced
sialylated bacteria and is required for rapid production of proin-
flammatory and type I IFN responses, which are likely to play an
important role in host defense.
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Materials and Methods

Mouse strains used and generation of Sn mice carrying
targeted mutations in the sialic acid binding site of Sn

W2QR97A

The generation of Sn-deficient (Sn™’") mice has previously been described
(23). MyD88-deficient (MyDSSf/f) mice (24) were kindly provided by Prof.
Shizuo Akira (Osaka University). To study mice expressing a non-sialic acid
binding form of Sn, we generated a “knockin” mouse strain designated
Sn™2QRY7A This mouse was engineered to carry two mutations in the Sn
gene resulting in the conversion of 2 aa required for sialic acid recognition
(25), namely Trp2 and Arg97, which were changed to Gln and Ala, re-
spectively. To produce a targeting construct, a BAC clone containing the Sn
gene was isolated from a 129Sv mouse BAC library and used as a template
to prepare 5’ and 3’ homology arms as depicted in Supplemental Fig. 1.
A neo-pA cassette flanked by loxP sites was inserted between exons 2 and 3
in the 5" arm. Sequences in exon 2 contained within the 5 arm were mutated
to code for GIn2 in place of Trp2 and Ala97 in place of Arg97. The PGK-
TK-pA cassette was cloned into the end of the 5’ homology arm to aid
negative selection. Targeting of the Sn gene to generate Sn*™/W>RY7A ES cells
(Supplemental Fig. 1) was performed by electroporation of E14 mouse
embryonic stem cells, followed by positive selection with G418 and negative
selection with ganciclovir. Targeted cell lines were identified by PCR and
Southern blotting and the neo cassette removed by transfection with pMC-
CrePuro as described (26). Primer P1 (5'-CACCACGGTCACTGTGACAA-

A WT Sn- B -TB
1o s . > owT
60 60 -TB 80 x s,
- i =15 ,W20Re7A
20 20 = 6o
o o
- 1090 10° 10°10° 100" 10° 10°10" E 40
E ®
6 | 100 100 20
3’2 80. 80
50 60 +TB 0 _
FIGURE 1. Binding and phagocytosis of GB11 C. - - * * T :':s
Jjejuni by WT and Sn™/~ BMDM in vitro. (A and B) o . 0 ’
IFN-a—stimulated BMDM were incubated with 10:107:10:10"10 10:10: 10" 40:10. +TB
CFSE-labeled heat-killed sialylated (sia) or non- C. jejuni i *

sialylated GB11 C. jejuni and analyzed by flow
cytometry. To quench the fluorescence of extracel-
lular bound but not phagocytosed bacteria, trypan
blue (TB) was added for 15 min and washed out
before the analysis. Opsonized E. coli were used as
a positive control. One representative experiment
(A) and data pooled from three independent 0
experiments (B) are shown. Bars represent the av-

>

% of max

no bacteria; = sia C. jejuni; = non-sia C.jejuni 40

x OwT
s,

erage = SD. Two-way ANOVA tests were used to
assess differences and interactions between groups.
*p < 0.01. (C) Live cell video microscopy images
showing binding and engulfment of C. jejuni by WT
and Sn~'~ BMDM. In the upper panels, the first
image shows initial contact between the WT Megs
(red) and C. jejuni (green). Subsequent images show
C. jejuni being engulfed by the Mes. In the later
images, colocalization of C. jejuni with LysoTracker
Red DND-99 can be seen (yellow) indicating
phagolysosomal fusion. The lower panel shows Sn~'~
Me¢ binding to two C. jejuni bacteria. The bacteria
remain associated with the M¢ for 10 min and then
dissociate. The time points at which images were
taken are displayed; images are representative from
two independent experiments. Scale bars, 10 pwm.

Sn+
. !. . 41 min

WT Sn- =
A g 3¢ g W2aRTA
100 100 =
80 80 o 20
°
60 60 2
40 40 10
20 zg o -
10710" 10° 1010 1070 10> 10°10" + - + - s
> - - + + Ops
E. coli

no bacteria; = E. coli




2416

3’) and primer P2 (5'-GGCCATATGTAGGGTCGTCT-3") were used to
identify clones containing the deleted neo cassette as well as to distinguish
the wild-type allele (471 bp) from the targeted allele (635 bp) (Supplemental
Fig. 1). Heterozygous Sn*">®97A ES cell clones were microinjected into
C57BL/6 X BALB/c blastocysts, which were then reimplanted into recipient
female mice. Chimeric mice that had a high degree of ES cell contribution
were identified by coat color and crossed to BALB/c mice to allow germline
transmission of the mutant allele. Genotyping of Sn*""“?®Y7A mice was
carried out by PCR of genomic DNA using primers P1 and P2 described
earlier (Supplemental Fig. 1).

All wild-type (WT), Sn~’~, and SnW??R7A mice used in experiments
were derived from heterozygotes back-crossed for eight generations onto
a C57BL/6 background. Mice were age- and sex-matched and used at 8-15
wk of age. Animals were housed under specific pathogen-free conditions.
The animal protocols used in this study were approved by the Ethical
Review Committee of the University of Dundee. All procedures involving
living animals were conducted according to the requirements of the United
Kingdom Home Office Animals Scientific Procedures Act, 1986, under
PPL 60/3856.

Isolation and culture of bone marrow-derived macrophages

Femurs and tibias were dissected from euthanized mice and sterilized by
incubation in 70% ethanol for 1 min. Bone ends were removed, and bone
marrow plugs were flushed with DMEM (Life Technologies, Invitrogen)
using a syringe and 25-gauge needle. These plugs were mechanically
disrupted by pipetting vigorously with a 5-ml pipette and finally passed
through a 70-m cell strainer prior to centrifugation at 400 X g for 5 min.
The bone marrow cells from each mouse were resuspended in 15 ml com-
plete growth medium: DMEM supplemented with 10% heat-inactivated FBS
(PAA Laboratories), 2 mM L-glutamine, 100 U/ml penicillin, 0.1 mg/ml
streptomycin (Life Technologies, Invitrogen), and containing 25 ng/ml mu-
rine M-CSF (PeproTech). The bone marrow-derived macrophages (BMDM)
were expanded on 9-cm bacterial plastic Petri dishes (BD Biosciences) for
7 d and then lifted using 4 mg/ml lidocaine-HCI (Sigma-Aldrich) and 5 mM
EDTA in PBS (Ca**-free and Mg®*-free; Invitrogen). The BMDM were
centrifuged at 400 X g for 5 min and cultured for 3 d on bacterial Petri
dishes (BD Biosciences) with 250 U/ml IFN-a (PBL IFNSource) to stimu-
late Sn expression.

Bacterial culture and fluorescent labeling

The WT GBI11 strain of C. jejuni expresses a LOS carrying a mixture of
GDla and GMI-like oligosaccharides. The Campylobacter sialic acid
transferase II (cst-II) knockout mutant (19) derived from GB11 C. jejuni
expresses a truncated LOS outer core due to the absence of sialic acids and
therefore lacks ganglioside-like structures. The GB11 WT and GB11 cst-11
mutant strains are referred to hereafter as sialylated and non-sialylated C.
Jejuni, respectively. CFSE-labeled sialylated and non-sialylated C. jejuni
were obtained by resuspending the stock at ODggo to OD = 1 and adding an
equal volume of 2 pM CFSE (Sigma-Aldrich) for 30 min at 37°C. Bacteria
were then inactivated at 65°C for 1 h, and equal mean fluorescence of
CFSE was confirmed by flow cytometry. Bacteria were washed twice with
PBS and stored at —80°C in PBS with 10% glycerol, and all subsequent
studies were conducted on heat-killed organisms. PKH67-labeled bacteria
were obtained by labeling a heat-inactivated GB11 WT stock with PKH67
Green Fluorescent cell linker kit (Sigma-Aldrich) according to the man-
ufacturer’s instructions.

Flow cytometry to assay BMDM association with bacteria

BMDM from age- and sex-matched WT, Sn~’ -, SnWZQRWA, or MyDSSf/ -
mice were prepared and stimulated with IFN-o as described earlier.
BMDM were then lifted using 4 mg/ml lidocaine-HCI and 5 mM EDTA in
PBS (Ca2+-free and Mg2+—free), washed, and incubated in microcentrifuge
tubes in the dark, rotating at 37°C for 90 min with CFSE-labeled sialylated
or non-sialylated C. jejuni (ratio of 1 M@/20 bacteria). Unattached bacteria
were then removed by washing. To discriminate between bacteria bound to
the cell surface and bacteria that had been phagocytosed, BMDM from half
of each replicate were incubated for 15 min with 0.04% trypan blue
(Sigma-Aldrich) in PBS to quench extracellular fluorescence as described
previously (27). The Escherichia coli-Alexa 488 bacteria were 1gG-
opsonized for 1 h at 37°C using E. coli opsonizing reagent (both Invi-
trogen) according to the manufacturer’s recommendations. After extensive
washing, bacteria were added to BMDM at a ratio of 10:1 in complete
growth media for 20 min on ice and the cells then transferred to a 37°C
incubator for 1 h. To remove unbound bacteria, the cells were washed with
PBS five times and fixed with 1% formaldehyde. Bacterial uptake and
association with BMDM were analyzed by FACSCalibur flow cytometer
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(BD Biosciences), and the data were processed using FlowJo software
7.6.4 (Tree Star).

Flow cytometry of BMDM cell-surface Ags

BMDM from WT and age- and-sex matched Sn™’" or Sn™V2R7A mice
were prepared and stimulated with IFN-a as described earlier. BMDM
were then lifted using 4 mg/ml lidocaine-HCI and 5 mM EDTA in PBS
(Ca®*-free and Mg**-free) and washed. Ab staining was performed
according to conventional protocols at 4°C. For Sn staining on BMDM,
cells were incubated at 4°C for 30 min in 2.4G2 hybridoma supernatant.
Biotin-conjugated rat anti-mouse Sn mAbs 3D6 and SER-4 were added
and incubated for another 1 h. Cells were washed three times with FACS
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FIGURE 2. In vitro cytokine production by BMDM in response to C.

Jjejuni. (A) Heat-killed sialylated (sia) or non-sialylated GB11 C. jejuni

were either untreated or opsonized (ops) with mouse anti-C. jejuni anti-
serum and then incubated with BMDM from WT and Sn~’'~ mice for 90
min. After removal of unbound bacteria, BMDM were cultured for a fur-
ther 24 h. Concentrations of TNF-«, IL-6, IL-12, and IL-10 in cell culture
supernatants were measured by ELISA. Bars show the average of three
independent experiments (three replicates) = SD. Media from unstimu-
lated cells were analyzed as a negative control. Heat-killed Salmonella
were used as a positive control. (B) Sn expression on IFN-a—stimulated
WT, Sn~'~, and MyD88 '~ BMDM. (C) IFN-a—stimulated WT, Sn™’'~,
and MyD88 ™/~ BMDM were incubated with CFSE-labeled heat-killed
sialylated C. jejuni and binding and phagocytosis analyzed by flow
cytometry. To quench the fluorescence of extracellular bound but not
phagocytosed bacteria, trypan blue (TB) was added for 15 min and washed
out before the analysis. (D) BMDM from WT, Sn_/_, and MyD88_/_ mice
were incubated for 90 min with heat-killed sialylated C. jejuni, and after
removal of unbound bacteria, cells were cultured for a further 24 h.
Concentrations of TNF-a and IL-6 in cell culture supernatants were
measured by ELISA. Bars show the average of two independent experi-
ments with three replicates = SD. Media from unstimulated cells were
analyzed as a negative control. Two-way ANOVA tests were used to assess
differences and interactions between groups. *p < 0.01. US, Unstimulated
cells.
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FIGURE 3. In vivo cytokine re-
sponses to C. jejuni in Sn~'" mice.
Groups of WT and Sn™’~ mice were
injected i.v. with 10® heat-killed sia-
lylated (+sia) or non-sialylated (—sia)
C. jejuni or PBS (control) and cytokine
responses assessed after 1 h by (A)
ELISA measurements of serum cy-
tokine concentrations or (B) changes
in mRNA levels in spleen (fop panels)
or liver (bottom panels) by real-time
quantitative PCR. Data are presented
as means = SD and are shown for one
representative experiment out of two,
with five to six mice per group injected
with C. jejuni and three mice per
group injected with PBS as a control.
*p < 0.01 (Mann—Whitney U test).
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wash buffer (0.5% BSA, 5 mM EDTA, and 2 mM NaNj3) and incubated
with streptavidin—allophycocyanin (BD Biosciences) for 30 min. Finally,
cells were washed three times and fixed with 1% formaldehyde. Fixed cells
were analyzed on a FACSCalibur (BD Biosciences) using FlowJo software
7.6.4 (Tree Star).

Live cell video microscopy phagocytosis assays

WT and Sn™’~ BMDM (1 X 10°) in 1 ml supplemented DMEM medium
were seeded onto glass-bottomed Iwaki dishes (VWR) and cultured for
at least 2 h at 37°C with 5% CO,. Immediately prior to experiments,
DMEM medium was replaced with 0.5 ml prewarmed supplemented CO,-
independent medium (Life Technologies, Invitrogen) containing 1 pl
LysoTracker Red DND-99 (Invitrogen). PKH-stained C. jejuni (20 X 10%
in 0.5 ml prewarmed supplemented CO,-independent medium were added
to Mes immediately prior to imaging. Video microscopy experiments were
performed using a DeltaVision Core microscope (Applied Precision) with an
environmental control chamber set at 37°C and oil immersion X60 objective
with a 1.4 numerical aperture. Images were captured at 1-min intervals for
2 h using a CoolSNAP HQ camera (Photometrics) and SoftWoRx Explorer
acquisition software (Applied Precision). DeltaVision movies were pro-
cessed using Volocity 5.0 image analysis software (PerkinElmer).

Cytokine analysis from BMDM supernatants by ELISA

Sialylated and non-sialylated bacteria were either untreated or opsonized
with IgG by incubation for 1 h with antiserum from C. jejuni immunized
mice. Bacteria were incubated with 10° IFN-a—induced BMDM in
microcentrifuge tubes on a rotating wheel at 37°C for 90 min in 0.4 ml
DMEM plus 0.1% BSA at a ratio of 20 bacteria per M. After the incu-
bation, the unbound bacteria were removed by washing BMDM with PBS,
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and the cells were reseeded in triplicate at 2.5 X 10° cells per well in
0.5 ml complete growth medium on 24-well plates (TPP) for 24 h. Con-
centrations of TNF-«, IL-6, IL-10, and IL-12 in cell culture supernatants
were determined by ELISA Development Kits (PeproTech) according to
the manufacturer’s instructions. Supernatants from BMDM that were not
incubated with bacteria but were subjected to the same experimental pro-
cedures were used as negative controls. Supernatants from BMDM incubated
with heat-inactivated Salmonella enterica serovar Typhimurium MS525P
were used as positive controls.

In vivo cytokine responses to C. jejuni

Mice were injected i.v. with a 100-pl suspension of sialylated C. jejuni in
PBS at 10° bacteria/ml or 100 ! PBS as a control. In some experiments,
mice were also injected i.v. with 100 w1 of polyinosinic:polycytidylic acid
[poly(I:C)] solution (1.0 mg/ml) in PBS (Sigma-Aldrich). At the indicated
time points, mice were euthanized and blood collected via heart puncture.
Sera were separated by Microtainer serum separator tubes (BD Diag-
nostics) and stored at —20°C prior to measurement of TNF-a, IL-6, IL-10,
and IL-12 by ELISA according to the manufacturer’s guidelines (Pepro-
Tech). Spleens and livers were immediately snap frozen in liquid nitrogen
for RNA extraction and immunohistochemistry.

The localization of sialylated C. jejuni in spleen sections after
an i.v. challenge

Mice were injected i.v. with 100 pl PKH67-labeled sialylated C. jejuni di-
luted in PBS at a concentration of 10” bacteria/ml. After 5 and 20 min, mice
were euthanized, exsanguinated, and the spleens collected and frozen in
OCT solution (Sakura Finetek). Eight-micrometer cryostat sections were
mounted on Superfrost Plus slides (VWR) and stored at —20°C. Prior to
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2 h by (A) ELISA measurements of
serum cytokine concentrations or (B)
changes in mRNA levels in spleen
by real-time quantitative PCR. Data
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mice per group. *p < 0.05 (Mann—
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immunofluorescence staining, the slides were thawed, fixed for 15 min at
—20°C with precooled methanol, washed, and then blocked for 30 min with
5% goat serum (Sigma-Aldrich) in PBS. Sections were stained with rat anti-
mouse Sn mAbs 3D6 and SER-4, B220-PE (BioLegend), CD68 (AbD
Serotec), polyclonal rabbit anti-mouse IFN-B (PBL IFNSource), and/or F4/
80-allophycocyanin (eBioscience), and where necessary with goat anti-rat
IgG Alexa 488, goat anti-rat IgG Alexa 647, goat anti-rabbit IgG Alexa 488,
and goat anti-rabbit IgG Alexa 555 (all Invitrogen). All sections were
counterstained with DNA dye DAPI (Sigma-Aldrich) before mounting slides
on coverslips with fluorescent mounting medium (DAKO). A minimum of
10 random images of each biological sample were taken using an LSM 700
laser-scanning confocal microscope (Carl Zeiss) equipped with EC Plan-
Neofluar 40X/1.30 Oil DIC M27 objective. Images were acquired with
ZEN 2009 software (Carl Zeiss) and processed with ZEN 2009 Light Edition
software (Carl Zeiss). Bacterial cell surface area on tissue sections was
quantified by Volocity 5.0 imaging software (PerkinElmer).

A C. jejuni

SnW2arR9TA

FIGURE 5. Localization of C. jejuni
in spleen and liver after i.v. injection.
Groups of WT and SnW2RY7A mice were WP
injected i.v. with 10° PKH67-labeled
heat-killed sialylated C. jejuni. Spleens
and livers were collected at 5 min or 20
min after the injection. (A) Representa-
tive images of spleen sections 5 min after
injection are shown after staining with
Abs to F4/80, Sn, CD68, and B220. Red
pulp (RP) and white pulp (WP) areas are
indicated. Scale bars, 100 wm. (B) Rep-
resentative images of liver sections are
shown after staining with anti-Sn Abs and
DAPI. Scale bars, 100 wm. Data shown
are representative of one experiment of
two performed, each with four mice per

group.
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RNA isolation and quantitative real-time PCR

Total RNA was extracted from cells using RNeasy Mini kit (Qiagen)
according to the manufacturer’s instructions and reverse transcribed
using the QuantiTect Rev. Transcription kit (Qiagen). cDNA was quan-
tified with a StepOne Plus sequence detection system (Applied Bio-
systems) using specific primers for each cytokine (Supplemental Table I)
and an SYBR Green-based detection system (Applied Biosystems).
Input RNA was normalized between samples using endogenous control
GAPDH. Fold upregulation of the target gene was calculated based on
the relative quantification method as ratio target gene expression (ex-
perimental/control).

Statistical analyses

Data were analyzed for statistical significance with GraphPad Prism 5.0
software (GraphPad Software).
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Results
Sn is required for efficient uptake of sialylated C. jejuni by
BMDM

To investigate the potential role of Sn in Mg binding and uptake of
sialylated bacteria, we used BMDM cultured with IFN-« to up-
regulate Sn expression (Supplemental Fig. 2A). BMDM prepared
from WT mice, Sn~ '~ mice, and “knockin” mice expressing
a non-sialic-acid-binding mutant form of Sn (SnW2RITAY were
incubated with fluorescently labeled sialylated or non-sialylated
C. jejuni and analyzed by flow cytometry. A significantly greater
percentage of WT BMDM was associated with the sialylated
strain of C. jejuni compared with Sn~’" or SnW?R7A BMDM,
whereas non-sialylated bacteria bound at low levels to all BMDM
populations (Fig. 1A, 1B, upper panels). After trypan blue
quenching of extracellular bacteria (Supplemental Fig. 2B), it was
found that only WT BMDM contained intracellular fluorescent
sialylated bacteria (Fig. 1B, lower panel). Internalization of the
bacteria into WT BMDM phagolysosomes was confirmed by live
cell video microscopy (Fig. 1C). Sn~'~ BMDM typically showed
reduced binding and internalization over the same time frame
(Fig. 1C). When BMDM were incubated with IgG-opsonized
E. coli, similarly high levels of phagocytosis were seen with both
WT and Sn-deficient Mes (Fig. 1A, lower panel), showing that
there is no intrinsic defect of Sn-deficient Megs in phagocytosis.

Sn-dependent phagocytosis triggers elevated cytokine levels

Sn-dependent uptake of sialylated bacteria was shown to result in
higher production of cytokines TNF-a, IL-6, IL-12, and IL-10 by
IFN-a—induced BMDM after 24-h incubation (Fig. 2A). Non-
sialylated bacteria stimulated much lower levels of cytokine pro-
duction in both WT and Sn-deficient Mes, but this was increased
in the cases of TNF-a and IL-12 after IgG opsonization of the
bacteria (Fig. 2A). When BMDM were exposed to heat-killed
Salmonella, high-level production of cytokines was seen with
both WT and Sn-deficient Mes, showing that there was no in-
trinsic defect of Sn-deficient Megs in cytokine production (Fig.
2A). This Sn-dependent cytokine response is likely due to acti-
vation of TLRs by C. jejuni LOS and MyD88-dependent signaling
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FIGURE 6. Quantification of C. jejuni in spleen and liver after i.v. in-
jection. Groups of WT and Sn"?®7 mice were injected i.v. with 10°®
PKH67-labeled heat-killed sialylated C. jejuni, and tissues were collected
at 5 min or 20 min after the injection. (A) Spleen, average area (MmZ) of C.
jejuni per field of view. (B) Liver, average area (um?) of C. jejuni per field
of view. At least 20 images per sample were analyzed for each of the 5-min
and 20-min time points. Data are shown are averages from two experi-
ments with four mice per group. Data are presented as means * SD. *p <
0.01 (paired 7 test).
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(28, 29), rather than reflecting intrinsic signaling by Sn. To dem-
onstrate this directly, BMDM from MyD88 '~ mice were pre-
pared and shown to express normal levels of Sn after induction by
IFN-a (Fig. 2B) and phagocytose sialylated bacteria to the same
extent as WT BMDM (Fig. 2C). However, MyD88 ™/~ BMDM
failed completely to produce TNF-« or IL-6 after phagocytosis
of sialylated C. jejuni (Fig. 2D). Therefore, Sn-dependent pro-
duction of proinflammatory cytokines is strictly MyD88 depen-
dent, supporting a nonsignaling role for Sn in this response.

Cytokine responses to C. jejuni in vivo

As Sn is expressed differentially on tissue Mg populations in vivo,
we asked whether i.v.-injected sialylated C. jejuni would be targeted
to certain subsets of Mes in the spleen and liver via Sn recognition
and trigger an Sn-dependent inflammatory response. Cytokine
responses were initially evaluated at 1 h after i.v. injection, both by
measurement of protein concentrations in the sera as well as mRNA

Sn F4/80 IFN-B
& k3

wWT
PBS B

SnW20RITA
C. jejuni

SnW2oRITA
PBS

wT
poly(1:C)

Snw2aReA

poly(1:C)

’ S g G

FIGURE 7. Sn-dependent IFN-B production in spleen. WT and
SnW2RA mice were injected i.v. with 10% sialylated C. jejuni, 100 pg
poly(I:C), or PBS as a control. Spleens were collected after 1 h and
cryostat sections stained with Abs to Sn, F4/80, and IFN- and analyzed
by confocal microscopy. Scale bars, 50 wm. Data are shown for one rep-
resentative experiment of two with five to six mice per experimental group
and three PBS control mice per group.
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changes in livers and spleens, using the same groups of WT or N
mice (Fig. 3). Although the mice responded to both sialylated
and non-sialylated strains of bacteria, a significantly higher Sn-
dependent upregulation of TNF-a and IL-6 levels in serum was
observed in response to sialylated C. jejuni, but not to non-sialylated
C. jejuni. In contrast, no differences were seen for IL-10 and IL-12
(Fig. 3A). TNF-oo mRNA was similarly upregulated in spleens of
WT mice, but not in livers (Fig. 3B). There were no significant
differences in mRNA levels in spleen and liver comparing WT and
Sn~’" mice for IL-6, IL-10 (Fig. 4B), or IL-12 (data not shown). We
also analyzed IFN-3 mRNA as a readout for TIR domain-containing
adapter inducing IFN-B—dependent activation (28) and observed
a strong Sn-dependent induction with sialylated bacteria in spleens
of WT mice (Fig. 3B).

Similar results were obtained with Sn mice, which were
examined at 1 and 2 h after injection of sialylated C. jejuni (Fig. 4A,
4B). Serum levels of TNF-a, however, were greatly reduced at 2 h
and were not significantly different between WT and Sn"?QR97A
mice at this time point. Similarly, splenic mRNA levels of TNF-«
and IFN-B mRNA were greatly reduced at 2 h, whereas other
cytokine mRNAs remained elevated at the later time point. Taken
together, these experiments clearly demonstrated that sialylated
C. jejuni can trigger a rapid Sn-dependent production of pro-
inflammatory cytokines and type I IFN.

W2QR97A

The capture and distribution of sialylated C. jejuni in vivo

To determine the in vivo distribution of the sialylated C. jejuni,
fluorescently labeled bacteria were localized in spleen and liver
sections by confocal microscopy at 5 and 20 min after i.v. injec-
tion (Figs. 5, 6). For these experiments, we compared WT mice
with SnW2®7A mice to visualize Sn™ Mes in both groups. Within
5 min of i.v. injection, bacteria in WT animals were observed in
both the white pulp and red pulp of the spleen, in the red pulp
being in close proximity to F4/80* Mes that express low levels of
Sn (Fig. 5A). In Sn"??®%7A animals, however, there appeared to
be little association of the bacteria with the red pulp and most
were found in the white pulp of the spleen where they were
specifically associated with CD68" Mes within B220" B cell
zones (Fig. 5A). Similar observations were made after 20 min in
both mouse strains (data not shown). In liver sections, bacteria
were mostly localized with the Sn* Kupffer cells in both WT and
SnWZRITA mice (Fig. 5B). Quantification of bacteria on tissue
sections showed higher numbers in WT mice at 5 min compared

FIGURE 8. Localization of IFN-B-as-
sociated cells in the red pulp and mar-
ginal zone of WT spleen. A WT mouse
was injected with sialylated C. jejuni and
the spleen collected after 1 h. Cryostat
sections were stained with Abs to Sn, F4/
80, and IFN-B. White boxes show areas
selected for higher-power images of red
pulp (RP) (middle panels) and marginal
zone (MZ) (bottom panels). White arrows
point to examples of IFN-B-associated,
non-Me cells. Scale bars, 50 pwm.
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with Sn"2®974 mice both in the spleen and liver, but numbers in

both tissues were similar after 20 min (Fig. 6).
The localization of IFN-B—producing cells in situ

To gain insight into the nature of the cells in the spleen that produce
rapid Sn-dependent cytokine responses, we stained tissue sections
with Abs to IFN-{ after injection of sialylated C. jejuni (Figs. 7, 8;
Supplemental Fig. 3). Consistent with the strong Sn-dependent
upregulation of IFN-B mRNA, IFN- staining in WT spleens
was markedly upregulated compared with both Sn™??®%74 mice
and PBS-treated control mice (Fig. 7). Similar findings were ob-
served when comparing WT mice with Sn~'~ mice (Supplemental
Fig. 3), with IFN-f3 being seen mostly in the red pulp and marginal
zone of the spleen, with less in the white pulp (Fig. 7). Poly(1:C)
was used as a positive control for IFN-B induction. After i.v. in-
jection, a similar strong staining for IFN- was observed in
spleens from WT and SnW2RITA pjce (Fig. 7). This demonstrates
that Mes lacking functional Sn are not defective in their IFN-f
response and that the failure to respond to sialylated C. jejuni is
likely due to defective targeting of bacteria to these Mg subsets.
Examination of red pulp and marginal zone areas of WT spleens
showed that both Mgs and non-Mes are associated with IFN-8
production and that there was no obvious correlation at a cellular
level between Sn expression and immunoreactivity for IFN-f
(Fig. 8).

Discussion

Several medically important pathogens including C. jejuni are
thought to display sialic acid on their surface to circumvent and/
or counteract the host’s immune responses through a strategy
of “molecular mimicry.” This has led to growing interest in the
question of whether pathogen cell surface sialylation can modu-
late the host’s innate immune responses. In this study using
a sialylated strain of C. jejuni as a model system, we provide the
first functional evidence, to our knowledge, that Sn plays a po-
tentially important role in this process. Using BMDM from mice
either lacking Sn or expressing a nonbinding form of the receptor,
we show that Sn is required for efficient sialic acid-dependent
uptake of a sialylated strain of C. jejuni in vitro and that this
interaction triggers enhanced cytokine responses. Crucially, this
study has also demonstrated an in vivo requirement of Sn for rapid
proinflammatory and type I IFN responses after i.v. injection of
a sialylated strain of C. jejuni.

Sn +IFN-B

F4/80 + IFN-B
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Sn was originally discovered as a nonphagocytic sialic acid
binding receptor for erythrocytes and other hemopoietic cells (30—
32). Recent studies on models of autoimmune disease have sub-
stantiated the view that its primary regulatory role in the host is in
mediating sialic acid-dependent cell—cell interactions between Mg
subsets and other cells of the immune system, for example by
modulating the expansion of regulatory T cell subsets (8). A sec-
ondary role for Sn is as a receptor for “non-self” recognition of
sialylated pathogens, including enveloped viruses (33-35), bacteria
(21, 36), and protozoa (37), but the consequences of this for host
immune function in vivo had not been examined prior to this study.
Although previous studies showed that Sn does not function as
a phagocytic receptor for sialylated RBC (32), with sialylated
viruses and bacteria it appears to be capable of mediating efficient
phagocytosis. Sn may function directly as a phagocytic receptor
for some pathogens or alternatively it may synergize with other
receptors to mediate efficient phagocytosis. The extended length of
Sn, comprising 17 repeated Ig-like domains, may be important for
mediating initial contacts with bacteria, thereby promoting inter-
actions with other less accessible phagocytic receptors on the M¢
surface. It has been proposed that porcine Sn can directly mediate
endocytosis of sialylated enveloped Arterivirus (38) as well as
F(ab'), fragments of an anti-Sn Ab (39). Consistent with a direct
endocytic function for Sn, a recent study showed that liposomes
displaying a high-affinity sialic acid-based ligand for Sn, but
no other ligands, were rapidly cleared in mouse liver in an Sn-
dependent manner (40). Therefore, under some circumstances,
such as when particles are of a certain size or contain a high density
of sialylated ligands, Sn may be capable of directly mediating up-
take of particles into Mes.

The in vitro results showed clearly that Sn-dependent phago-
cytosis of sialylated C. jejuni by BMDM resulted in strong trig-
gering of all cytokines tested, namely TNF-a, IL-6, IL-10, and
IL-12, whereas non-sialylated csz-II mutants induced a much weaker
response. Sn is unlikely to signal directly to trigger cytokine re-
sponses as its cytoplasmic tail lacks known signaling motifs and
is poorly conserved in sequence and length (41). We therefore
hypothesized that the Sn-dependent production of cytokines is
likely due to synergy with TLRs, leading to MyD88-dependent
signal transduction (24). For example, TLR-4 is strongly activated
by C. jejuni LOS (28, 29), which also carries the GDla-like
structure recognized by Sn (21). We demonstrated in this study
that MyD88 is required for Sn-dependent production of proinflam-
matory cytokines, but not for Sn-dependent binding or phagocy-
tosis. Further studies are required to investigate the mechanisms
involved, but one possibility is that Sn is required for effective
delivery of bacterial products to TLR-MyD88 signaling compart-
ments in macrophages.

When the same set of cytokines was analyzed in serum at 1 h after
i.v. injection of bacteria, Sn-dependent upregulation of cytokine
production was observed with TNF-a and IL-6 but no differences
were seen for IL-10 and IL-12. Therefore, Sn-dependent responses
in vivo are more restricted than those seen in vitro. This is likely to
reflect the nature of the M subsets and other cell populations that
are targeted in vivo. In WT mice, bacteria were seen to be asso-
ciated with Sn* Mes in the red pulp and marginal zone within
5 min of injection, whereas in mice lacking functional Sn, bacteria
were found mainly in the white pulp, localizing to CD68* Mes.
Examination of cell subsets in the red pulp and marginal zone
areas of spleens of WT mice showed that immunoreactive IFN-3
was associated with Sn* Mgs, Sn~ Mes, and neighboring cells.
The latter did not appear to be Mes as they did not stain with
either anti-Sn mAb or F4/80 mAb. The latter is thought to rec-
ognize all Mes in the red pulp of the spleen (42). IFN-B can
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strongly amplify its own production via a positive feedback loop
involving both autocrine and paracrine signaling through the type
I IFN receptor (43). Therefore, it is likely that the strong Sn-
dependent IFN-3 response observed throughout the red pulp and
marginal zone is due to an initial secretion of IFN-B by Sn*
macrophages, followed by a secondary wave of production by
other cells expressing type I IFN receptors.

The raised TNF-a levels in serum were paralleled by increased
mRNA in the spleen at 1 h, but by 2 h this response was greatly
attenuated, presumably due to the well-known feedback pathways
in which TNF-ao mRNA is rapidly degraded (44). In contrast, IL-6
mRNA levels were similar between WT mice and mice lacking
functional Sn, despite WT mice having higher levels of this cy-
tokine in the serum. This apparent discrepancy may be related to
both the kinetics of IL-6 production and localization of bacteria
in different tissues. Although the liver showed no differences in
cytokine mRNA production between WT and Sn-deficient mice,
there was a more rapid localization of bacteria to WT liver
Kupffer cells within 5 min of injection, but this did not impact on
cytokine mRNA levels measured at 1 h, probably because bacte-
rial numbers in the liver were already similar by 20 min. The
correlation between splenic TNF-a mRNA responses and TNF-a
levels measured in serum suggests that the spleen is the major
producer of TNF-a.

In conclusion, the data presented in this study support the idea
that sialylation of C. jejuni LOS is an important factor for their
uptake by M¢ subsets in the spleen, which results in Sn-dependent
cytokine production. Although this study focused on responses
to sialylated C. jejuni as a model system, a similar Sn-dependent
modulation of cytokine responses may occur with other sialylated
bacteria such as N. meningitidis and Group B Streptococcus where
Sn may similarly synergize with TLRs in promoting cytokine
responses. In most cases, production of TNF-a and IFN-§3 are
important for host resistance to infection by bacteria, although
there are several examples of bacterial pathogens that exploit type
I IFN responses for their own benefit (43). In the case of C. jejuni,
future studies will be required to determine how these Sn-dependent
cytokine responses contribute to host resistance versus bacterial
survival and to the development of postinfectious Guillain—Barré
syndrome.
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