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The glycolipid exoantigen derived from Chlamydia
muridarum activates invariant natural killer T cells

Ying Pengl’z, Lei Zhao"?, Sudhanshu Shekhar?, Lu Liu’, Hong Wangl, Qiang Chen!, Xiaoling Gao?, Xi Yang2
and Weiming Zhao'

The chlamydial glycolipid exoantigen (GLXA), a glycolipid antigen derived from Chlamydia muridarum, has been implicated in
chlamydial-host cell interaction. Although glycolipid antigens from Sphingomonas and related bacteria have been shown to activate
invariant natural killer T (iNKT) cells, it is not yet known whether GLXA can activate these cells. In this study, we have for the first time
investigated the role of GLXA in iNKT cell activation using in vitro as well as in vivo settings. First, we examined the effect of GLXA on
iNKT cell activation in a cell-free antigen-presentation assay, and found that GLXA specifically stimulated iNKT1.4 hybridoma cell
produce enhanced amounts of IL-2. Next, we analyzed the effect of pharmacological activation of iNKT cells by GLXA using iNKT
cell-deficient (iNKT knockout (KO)) mice and bone marrow-derived dendritic cell (BMDC)-liver mononuclear cell (LMC) coculture
system. On stimulation with GLXA, iNKT cells produced higher quantities of cytokines in a CD1d-dependent fashion. More importantly,
iNKT cells from GLXA-treated, but not from cell mock-treated, mice showed higher expression of activation marker, CD69, and
enhanced production of interferon (IFN)-y and IL-4 in vivo. Cumulatively, these data provide evidence on the pharmacological ability of

GLXA in specifically activating iNKT cells.
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INTRODUCTION

Chlamydiae are obligate intracellular bacterial pathogens. The genus
Chlamydia includes two species, Chlamydia trachomatis and
Chlamydia pneumoniae, which cause various human diseases. C. tra-
chomatis is a major cause of respiratory, ocular and sexually transmit-
ted diseases.' In addition, C. trachomatis can also act as a precipitating
factor in pathogenesis of human immunodeficiency virus and human
papilloma virus infections.> Further, C. pneumoniae causes respi-
ratory diseases like bronchitis, sinusitis and pneumonia. Recently, C.
pneumoniae has also been implicated in the pathogenesis of athero-
sclerosis, Alzheimer’s disease and multiple sclerosis.*™ To date, there
is no effective vaccine available against human chlamydial diseases.
Considering the public health significance of chlamydial diseases, it is
highly desirable to have an effective and safe chlamydial vaccine.
However, one of the main constraints in the way of vaccine develop-
ment is poor understanding of the role of chlamydial components in
host—chlamydial interactions.”

Chlamydial glycolipid exoantigen (GLXA) is a glycolipid compon-
ent of the chlamydial membrane and intracellular inclusion bodies,
which has been implicated in chlamydial-host cell interaction, and can
also be found in the host cell cytoplasm and micromilieu of infected
cells.*™"® It is different from chlamydial lipopolysaccharide and

. . . . C 89,11
possesses a polysaccharide epitope having weak immunogenicity.

Moreover, GLXA has been exploited for its use as a vaccine candidate
against the infection."®'® Due to poor immunogenicity of the epitope,
a monoclonal anti-idiotypic antibody (mAb2) to the epitope has been
generated, which mimics the biological features of the epitope.'* On
immunization with mAb2, mice developed an anti-mAb2 response
that recognized purified GLXA.'" Further studies showed that
immunization with mAb2 induced significant protective immune res-
ponses that reduced C. trachomatis infectivity.'*'?

Invariant natural killer T (iNKT) cells represent an innate subset of
T lymphocytes expressing the markers of both aff T cells and natural
killer cells. They are the most widely studied class of NKT cells that
express the invariant T-cell receptor (TCR).'® In contrast to o T cells,
iNKT cells recognize glycolipid antigens presented by CD1d, whichisa
non-classical MHC class I molecule expressed on antigen presenting
cells (APC), such as DC.'” However, they can be activated by CD1d-
independent stimulation as well.'® CD1d-restricted glycolipid Ag, o-
galactosylceramide (o-GalCer), originally extracted from the marine
sponge, Agelasmauritianus, is the prototypic glycolipid antigen for
iNKT cells.'®* Further, iNKT cells are unique in their ability to secrete
large quantities of cytokines such as interferon (IFN)-y and IL-4,
and possess the unique characteristics of rapid activation, effector
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functions and modulation of other immune cells.*>** Owing to these
characteristics, iNKT cells have been shown to play a regulatory role in
immune responses to autoimmunity, tumor rejection and various
infections.” ¢

Previous studies have shown that iNKT cells can respond to
the natural glycolipid antigens from certain microbes such as
Sphingomonas sps and Borrelia burgdorferi.*”~*° However, it remains
to be determined that whether iNKT cells can recognize glycolipid
antigens from other taxa of microbes. Further, we have previously
reported that iNKT cells are activated in vivo and play an important
role in immune responses to chlamydial infections.’®' Taking
account of these facts, we hypothesized that GLXA might specifically
activate iNKT cells. To test the hypothesis, we investigated the role of
GLXA derived from Chlamydia muridarum, a mouse biovar of C.
trachomatis (also known as mouse pneumonitis) in iNKT cell activa-
tion using in vitro as well as in vivo settings. First, we investigated
whether GLXA could directly stimulate iNKT cells in a cell-free anti-
gen-presentation assay using an iNKT hybridoma cell. Further, we
analyzed the ability of GLXA in activating iNKT cells using a com-
bination of bone marrow derived dendritic cells (BMDC)-liver mono-
nuclear cell (LMC) coculture system and iNKT knockout (KO) mice.
Furthermore, we analyzed the effect of GLXA on iNKT cells in vivo.
Overall, the data show that GLXA plays an important role in iNKT cell
activation.

MATERIALS AND METHODS

Extraction and identification of GLXA

GLXA was purified from C. muridarum as described previously.*
Briefly, C. muridarum organisms (Nigg strain) were grown in Hep-2
cells and the GLXA-containing culture supernatant centrifuged
(8000g) to remove any cellular debris after 96 h post-infection.
Supernatants harvested from uninfected cell monolayers were pre-
pared in an identical manner and used as cell mock control. Then
the supernatant was subjected to ultracentrifugation at 180 000g for
3 h at 4 °C. The pellets were resuspended in 1 ml phosphate-buffered
saline (PBS) and sequentially digested for a minimum of 2 h at 37 °C
with DNase (50 pg/ml), RNase (50 pg/ml) and Proteinase K (100
pg/ml) in the presence of 4.2 mM MgCl, and 1 mM CaCl, (Sigma,
St Louis, MO, USA). The solution was incubated at 85 °C for 2 h to
remove Proteinase K activity, followed by dialysis (15000 MWCO)
against 0.075 M PBS containing 0.01% Sodium Azide overnight at
4 °C. This purified product was used at a 1:100 dilution in all sub-
sequent experiments. SDS—-PAGE and western blot analysis were done
to identify GLXA as described previously.® Briefly, GLXA and cell
mock were subjected to SDS-PAGE and transferred to a polyvinyli-
dene difluoride membrane. The following antibodies were used: rabbit
polyclonal antibody to Chlamydia and goat anti-rabbit IgG horserad-
ish peroxidase. (Abcam Company, Cambridge, MA, USA).

CD1d fusion protein iNKT cell culture

CD1d fusion protein and iNKT cell stimulation assay was per-
formed as described previously.33 Briefly, 96-well plates (Costar,
Corning Life Sciences, Union City, CA, USA) were incubated with
mouse CD1d fusion protein (BD Biosciences, San Diego, CA, USA)
at a concentration of 0.5 pg/well in coating buffer (eBioscience, San
Diego, CA, USA) at 4 °C for overnight. After the incubation, plates
were washed thrice with PBS. a-Galcer, GLXA, cell mock or PBS at
different doses (20 or 40 pl) was added to each well of the plate and
incubated at 37 °C for 4 h. The concentrations of a-Galcer in the
culture were 0.05 or 0.1 pg/ml, while the concentrations of GLXA
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were 2.5 or 5 pug/ml. iNKT1.4 hybridoma cell (kindly provided by
Dr Mitchell Kronenberg, La Jolla Institute for Allergy and
Immunology, La Jolla, CA, USA) cells were added to each well
(5%X10* cells per well) and incubated at 37 °C for 24 h. The culture
supernatant was measured for IL-2 by ELISA.

Mice

C57BL/6 mice were bred at the facility of the University of Manitoba
animal care facility. Breeding pairs of Ju18 KO (iNKT KO) mice with
B6 background were kindly provided by Dr Masaru Taniguchi
(RIKEN Research Center for Allergy and Immunology, Yokohama,
Japan). iNKT KO mice were generated by specific deletion of the Jo18
gene segment using homologous recombination and aggregation chi-
mera techniques.”* All mice used in this study were males of 6-8 weeks
of age, and bred and maintained at a pathogen-free animal care facility
at the University of Manitoba. All experiments were done in comp-
liance with the guidelines issued by the Canadian Council of Animal
Care, and the animal protocol was approved by the institutional eth-
ical committee.

BMDC generation

Dendritic cells (DCs) were generated in vitro from bone marrow cells as
described previously.”® In brief, bone marrow cells were isolated from
the femurs of mice and cultured in complete medium RPMI 1640
(Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine
serum (Gibco), 10> M 2-ME (Sigma Chemicals, St. Louis, MO, USA),
and 2 mM I-glutamine (Gibco) in a six-well plate (Costar) at a con-
centration of 10° cells/ml in the presence of granulocyte-macrophage
colony-stimulating factor (20 ng/ml) and IL-4 (1 ng/ml) for 6 days.

Spleen and liver cell isolation

Spleens were harvested from the animals at specified time and digested
in 2 mg/ml collagenase D (Roche Diagnostics, Meylan, France) in
RPMI 1640 for 30 min at 37 °C. EDTA (5 mM) was added and the
cell suspension was pipetted up and down and filtered. The single-cell
suspension so prepared was then subjected to red blood cell lysis by
ACK lysis buffer (150 mM NH,CI, 10 mM KHCOj; and 0.1 mM
EDTA). The cells were washed and resuspended in RPMI 1640 for
further applications. For liver single-cell preparation, livers were
minced into small pieces and pipetted thoroughly in RPMI 1640.
The cell suspension was passed through a 70 pm cell filter and resus-
pended in 40 ml PBS. The cells were centrifuged at 700¢ for 1 min and
then centrifuged at 1200g for 10 min at 4 °C. The cell pellet was
resuspended in 8 ml 35% (v/v) Percoll (Pharmacia, Uppsala,
Sweden) and centrifuged at 2400¢ for 12 min at room temperature.
Red blood cells were lysed with ACK lysis buffer followed by two
washes in RPMI 1640 with 5% fetal calf serum and resuspended in
the media according to different applications.

LMC-BMDC coculture

2BMDC were cultured at 1X10° cells in 1 ml culture medium per
well in 24-well plates in the presence of a-Galcer, GLXA, cell mock
or PBS for 24 h. The concentrations of a-Galcer and GLXA in the
culture were 0.1 and 5 pg/ml, respectively. After 24 h of the incuba-
tion, the treated BMDC were cocultured with LMC (2X10° cells/
well) in RPMI 1640 complete media in 96-well plates for 48 h. The
levels of IFN-v and IL-4 in the culture supernatants were measured
by ELISA using unlabeled (capture) and biotinylated (detection)
antibodies (BD Pharmingen, San Diego, CA, USA) as described
previously.*®



Serum cytokine measurements in vivo

C57BL/6 (wild-type (WT)) and iNKT KO mice were intravenously
treated with a-Galcer (1 pg in 200 pl PBS), GLXA (10 pg/ml in 200 pl)
or cell mock (200 pl). The serum levels of IL-4 and IFN-y were mea-
sured at 2 and 12 h respectively after the treatment. The measurement
of the cytokine levels was done by ELISA.

GLXA administration in vivo

Male C57BL/6 mice between 6 and 8 weeks of age were injected with o-
Galcer (2 pgin 400 pl PBS), GLXA (10 pg/ml of 400 pl) or cell mock
(400 pl) intraperitoneally. Mice receiving cell mock were considered as
controls. After 72 h, spleens and livers were harvested from the ani-
mals, and processed into single-cell suspensions. The cells were then
stained with the appropriate antibodies for flow cytometric analysis.

Flow cytometry

The staining for iNKT cells was done by using PE-mCD1d/PBS57
ligand tetramer (provided by the National Institute of Allergy and
Infectious Disease MHC Tetramer Core Facility, Atlanta, GA, USA).
For iNKT cell surface marker staining, freshly isolated splenic cells and
hepatic cells were stained using fluorescent-labeled anti-CD3e-FITC,
anti-CD69-APC or with their isotype controls (eBioscience) in the
staining buffer. The analysis for IFN-y and IL-4 production by iNKT
cells was done by intracellular cytokine staining as described pre-
viously.”" Briefly, the cells were stimulated with phorbol myristate
acetate (50 ng/ml) and ionomycin (1 pg/ml), and incubated at a con-
centration of 7.5%10° cells/ml at 37 °C in complete RPMI 1640 med-
ium. After 2 h, brefeldin A was added to the culture, and the cells were
cultured for another 4 h to accumulate cytokines intracellularly. The
cells were subsequently washed and blocked for 20 min with anti-
CD16/CD32 antibodies in FACS buffer and then surface-stained with
the appropriate antibodies. Cells were fixed in fixation buffer, and then
washed in permeabilization buffer. They were subsequently stained
with anti-IFN-y—APC or anti-IL-4-APC for 30 min. Sample data were
collected using a LSR IT flow cytometer (BD Biosciences) and analyzed
using FACS express software.

Statistical analysis

Data were analyzed using unpaired, two-tailed Student’s ¢-test (SPSS
11.0; SPSS Inc., Chicago, IL, USA). A P value <0.05 was considered
significant.

RESULTS

Preparation of GLXA antigen

We prepared GLXA antigen from the supernatant of C. muridarum-
infected cell culture as described.*” To confirm that the purified anti-
gen was GLXA, we examined the antigen by SDS-PAGE and western
blot analysis. SDS-PAGE and silver staining of the antigen sample
demonstrated a banding pattern similar to GLXA as described pre-
viously,® cell mock preparation failed to show the bands although
(Figure la). Further, in a western blot, the major bands of GLXA,
but not cell mock, produce a banding pattern that was apparently
similar to GLXA (Figure 1b), indicating that the prepared antigen
was GLXA.

GLXA specifically stimulates iNKT cells

iNKT cells recognize glycolipid antigens presented to them by CD1d
molecules. To determine whether the GLXA preparation from C.
muridarum can activate iNKT cells, we incubated iNKT hybridoma
cell with plate-bound CD1d in the presence of GLXA, a-Galcer, cell
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Figure 1 SDS-PAGE and western blot analysis for analysis of purified GLXA from
C. muridarum-infected cell culture. (a) SDS-PAGE and silver staining demonstrat-
ing the banding pattern of purified GLXA, molecular weight standards and cell
mock control. (b) Western blot. Immnoidentification of GLXA and cell mock bands
transferred from the SDS-PAGE system. GLXA, glycolipid exoantigen.

mock or PBS in a cell-free antigen-presentation assay. On stimulation
with GLXA-treated CD1d, in contrast to the cell mock or PBS, iNKT
cells produced IL-2 in a dose-dependent manner, suggesting that
GLXA can specifically stimulate iNKT cells (Figure 2).

GLXA induces increased cytokine production by iNKT cells in vitro,
and the cytokine production is CD1d-dependent

To confirm the finding in the cell-free system that GLXA can stimulate
iNKT cells, we further tested the capacity of GLXA to activate iNKT
cells for cytokine production using a BMDC-LMC coculture system.
We treated BMDC with GLXA, a-Galcer, cell mock or PBS, and then
cocultured the treated BMDC with LMC, and examined the cytokine
levels of the culture supernatants. We found that GLXA stimulated
LMC from WT mice to produce higher quantities of IFN-v and IL-4
compared with cell mock. To confirm that the cytokines produced in
the coculture were secreted by iNKT cells, we isolated the LMC from
iNKT KO mice and cocultured it with BMDC. The data showed that
the LMC from iNKT KO mice produced significantly lower quantities
of IFN-vy and IL-4 compared with those from WT mice (Figure 3a),
indicating that the cytokines were mainly produced by iNKT cells.
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Figure 2 Recognition of GLXA by iNKT hybridoma cells using cell-free antigen-
presentation assay. iINKT hybridoma cells (5x 10 cells per well) were added and
cultured in CD1-coated 96-well plates in the presence of a-Galcer, GLXA, cell
mock or PBS at different doses (20 or 40 ) for 24 h. The concentrations of a-
Galcer in the culture were 0.05 or 0.1 pg/ml, while the concentrations of GLXA
were 2.5 or 5 pg/ml. Concentration of IL-2 in supernatant was determined by
ELISA. One representative experiment of three independent experiments is
shown. The results are shown as mean=*s.d. of each group (**P<0.01 and
***P<(0.001). a-Galcer, a-galactosylceramide; GLXA, glycolipid exoantigen;
iNKT, invariant natural killer T; PBS, phosphate-buffered saline.
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Figure 3 Enhanced cytokine production by iNKT cells after GLXA treatment in BMDC-LMC coculture system. BMDC were cultured at 1x10° cells in 1 ml culture
medium in 24-well plates in the presence of a-Galcer, GLXA, cell mock or PBS for 24 h, and then cocultured with LMC from NKT KO or WT mice for 48 h. The
concentrations of a-Galcer and GLXA used in the culture were 0.1 and 5 pg/ml respectively. (a) Concentrations of IFN-y and IL-4 in the culture supernatants were
determined by ELISA. (b) Blocking of CD1d in LMC-BMDC coculture. BMDC-LMC coculture was treated with anti-CD1d antibodies or isotype control antibodies.
Concentrations of IL-4 and IFN-y in supernatants were determined by ELISA. The results are shown as mean *+ SD. One of the three similar experiments is shown
(*P<0.05, **P<0.01 and ***P<0.001). a-Galcer, a-galactosylceramide; BMDC, bone marrow-derived dendritic cell; GLXA, glycolipid exoantigen; IFN, interferon;

iNKT, invariant natural killer T; KO, knockout; LMC, liver mononuclear cell; PBS, phosphate-buffered saline; WT, wild-type.

Since iNKT cells can be activated via CD1d-dependent and/or CD1d-
independent pathways, we further examined whether the cytokine
production by the iNKT cells was CD1d-dependent by blocking
CD1d using anti-CD1d antibodies in the BMDC-LMC coculture sys-
tem. On addition of the antibodies, the GLXA-treated coculture
showed a dramatic decrease in IFN-v and IL-4 production compared
with the controls, demonstrating the dependence of iNKT cell activa-
tion by GLXA on CD1d molecules (Figure 3b).

GLXA contributes to the cytokine production by iNKT cells in vivo
To examine the function of GLXA on cytokine production by iNKT cells
in vivo, we injected GLXA in iNKT KO and WT mice intravenously, and
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measured the cytokine levels in sera at appropriate time points. Our data
showed that GLXA stimulated WT mice to produce higher quantities of
IFN-y and IL-4 compared with cell mock, whereas there was no signifi-
cant difference in the cytokine production between GLXA and cell mock
in iINKT KO mice (Figure 4). These data suggested that the cytokines
produced in the serum were largely secreted by iNKT cells, and that
iNKT cells were activated by GLXA in this process.

Enhanced iNKT cell activation in vivo by GLXA treatment

To confirm the in vitro and in vivo data from the present study that
GLXA induces iNKT cell activation, we examined the role of GLXA in
iNKT cell activation in vivo in terms of cytokine production as well as
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Figure 4 GLXA contributes to the cytokine production by iINKT cells in vivo. Both WT mice and iNKT KO mice were intravenously injected with a-Galcer (1 pgin 200 pl
PBS), GLXA (10 pg/mlof 200 pl) or cell mock (200 pl), and the sera were collected at appropriate times for cytokine measurement by ELISA. (a) IFN-y levels at 12 h after
injections; (b) IL-4 levels at 2 h after injections. The results are shown as mean=s.d. (**P<<0.01 and ***P<0.001). a-Galcer, a-galactosylceramide; GLXA, glycolipid
exoantigen; IFN, interferon; iNKT, invariant natural killer T; KO, knockout; PBS, phosphate-buffered saline; WT, wild-type.
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activation marker expression. We immunized the mice with GLXA, a-
Galcer or cell mock and analyzed the splenic iNKT cells for activation
marker, CD69, expression and intracellular cytokine production.
CD1d tetramer " CD3e™ cells were gated and analyzed as iNKT cells
by flow cytometry. Our data showed that the percentage of iNKT cells
in GLXA group was a little higher than those in cell mock group,
although there was no statistically significant difference between them
(Figure 5a). Compared with those from the cell mock-treated, iNKT
cells from GLXA-treated mice showed significantly higher expression
of CD69 (Figure 5b and c). On flow cytometric analysis of the pattern
of intracellular cytokine production by iNKT cells in vivo, we found
that iNKT cells from the GLXA-treated mice produced large amounts
of IFN-y and IL-4 compared with the cell mock-treated mice
(Figure 5d and e). Similarly, analysis of hepatic iNKT cells showed
that the GLXA group exhibited higher iNKT cells, CD69 expression
(37% versus 21%), IFN-y production (13% versus 3%) and IL-4 pro-
duction (14% versus 4%) when compared to control group. These
data show that GLXA stimulates iNKT cells in vivo.

DISCUSSION

The present study demonstrates that GLXA, a glycolipid antigen
derived from Chlamydia-infected cell culture supernatants, can activ-
ate iNKT cells in vitro and in vivo. Specifically, the data showed that
GLXA can enhance iNKT cell activation marker and induce iNKT cell
cytokine production. GLXA specifically stimulated iNKT cells in a
cell-free antigen-presentation assay. More importantly, when exposed
to GLXA-pulsed DC in a coculture system, iNKT cells produced large
amounts of IFN-y and IL-4 in a CD1d-dependent manner shown by
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antibody blocking. The in vitro results were further supported by the
findings from experiments using the in vivo administration of GLXA
in mice. The systemic administration of GLXA resulted in iNKT cell
activation in which the cells showed higher expression of activation
marker, CD69, and produced enhanced quantities of a mixture of
IFN-vy and IL-4.

The data enhance our understanding on the molecular basis by
which iINKT cells are activated in chlamydial infection. iNKT cells
express a highly conserved invariant TCR that recognizes a prototypic
glycolipid antigen extracted from marine sponges, o-Galcer. Emerging
evidence demonstrates that iNKT cells can also recognize glycolipid
antigens from certain microorganisms, although activated DC may
activate iNKT cells without presenting microbial antigens to iNKT
cells.”” > So far, the identified microbial glycolipid antigens of
microbes are still limited, much less than the microbes which have
been shown to be able to activate iNKT cells in vitro and in vivo studies.
In our previous study, we showed that iNKT plays an important role in
immune responses to chlamydial infections.’®! Interestingly, our
previous studies have shown that iNKT cells are activated in vivo
and produce IFN-y and IL-4. C. pneumoniae infection in mice showed
enhanced Thl cytokine, IFN-v, production by iNKT cells, whereas C.
muridarum increased Th2 response reflected by enhanced IL-4 and IL-
5 production.’®”! In this study, we further explored the molecular
nature of chlamydial antigen which activates iNKT cells. Our data
from the study showed that GLXA, a previously reported chlamydial
glycolipid, can stimulate iNKT hybridoma cell in either cell-free
antigen-presentation assay or a DC based assay. More importantly,
in vivo experiments also confirmed the activation of iNKT cells by
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Figure 5 Effect of GLXA treatment on iNKT cell activation in vivoin terms of surface marker expression and cytokine production. C57BL/6 mice (four mice per group)
were injected intraperitoneally with a-Galcer (2 pg in 400 ul PBS), GLXA (10 pg/ml of 400 pl) or cell mock (400 ul). All the mice were killed at 72 h after GLXA
administration. Spleens were aseptically removed and processed into single-cell suspensions and then stained with appropriate antibodies for flow cytometry analysis.
(a) Flow cytometry. Dotplot demonstrating the gating strategy for iINKT cells. CD1d tetramer*CD3e™ cells were analyzed as iNKT cells. (b) Representative flow
cytometry images showing analyses performed on iNKT cells for CD69 expression from each group. (¢) Graphs summarizing flow cytometry data showing MFI and
percentage of CD69™ iNKT cells. (d) Cells from different treatment groups of mice were cultured and stained for intracellular cytokine production as described in the
section on ‘Materials and methods’. Representative flow cytometry images demonstrating IFN-y and IL-4 production by iNKT cells. (e) Graphs represent the summary
of percentage of IFN-y* and IL-4™ iNKT cells in each group. Data are shown as mean=s.d. Results of one representative of three experiments are shown (**P<0.01
and ***P<0.001). a-Galcer, a-galactosylceramide; GLXA, glycolipid exoantigen; IFN, interferon; iNKT, invariant natural killer T; MFI, median fluorescence intensity;

PBS, phosphate-buffered saline.
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GLXA based on activation marker expression and cytokine production.
Notably, our data from the present study show that GLXA treatment
stimulated the production of the mixture of Th1 and Th2 cytokines, i.e.
IFN-y and IL-4 by iNKT cells, and that there is no preference for either
Thl or Th2 cytokines. The data have certain discrepancy with our
previous data by testing live C. muridarum infection,® showing pre-
ferential IL-4 production. At least two reasons may be related to this
inconsistency. First, it is possible that GLXA is not the only iNKT-
specific lipid antigen in chlamydial cells. There may be other chlamydial
antigens that act independently or in coordination with GLXA to skew
the cytokine response of iNKT cells to either IFN-7y or IL-4 polarization;
Second, and probably more likely, the cytokine pattern of iNKT cells
especially in population level may be determined by the live process of
the infection rather than particular lipid antigen. For example, the
process and status of infection may influence the function of DC which
may modulate the cytokine production of iNKT cells when they present
chlamydial glycolipid antigen to the iNKT cells. Therefore, further study
to explore other chlamydial glycolipid antigens and the influence of
infection process on iNKT cell cytokine patterns is needed.

It remains unknown how chlamydial GLXA fits into CD1d mole-
cule during antigen presentation. So far, no data are available on the
molecular structure of GLXA. A commonly accepted view on the
topology of the interaction of a-GalCer, the prototypic antigen for
iNKT cells, and CD1d is that the lipid chains of o-GalCer is placed into
the hydrophobic groove of CD1d and the a-linked sugar moiety inter-
acts with the TCR of iNKT cells.*” Since GLXA consists of C,; and C,g.;
fatty acids and a carbohydrate moiety of polyglucose,” we speculate
that the fatty acid chains of the GLXA might bind to the floor of the
hydrophobic cleft of CD1d, whereas the carbohydrate moiety is likely
to interact with iNKT TCR. However, further study is required to test
this possibility.

In conclusion, the findings from the present study show that GLXA,
a glycolipid antigen derived from the chlamydia, can activate iNKT
cells, and this activated function depend on CD1d molecules. This
finding provides significant new knowledge on the molecular and
cellular mechanisms of immune response to chlamydial infection.
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