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Introduction

Summary

Natural killer T (NKT) cells are a newly identified T-cell population with
potential immunomodulatory functions. Several studies have shown mod-
ulating effects of NKT cells activated by a-galactosylceramide, a model
antigen, on NK cell function. We here report a differential modulating
effect of NKT cells on the interferon-y (IFN-y) production and cytolytic
function of NK cells in a chlamydial infection model, using NKT-cell-defi-
cient mice and antibody blocking (anti-CD1d monoclonal antibody)
approaches. Our results showed that both NKT and NK cells became acti-
vated and produced IFN-y following Chlamydia muridarum infection
in vitro and in vivo. The NK cells in NKT-cell-deficient mice and CD1d-
blocked mice showed decreased CD69 expression, cellular expansion and
IFEN-y production but surprisingly showed increased cytolytic activity
(degranulation) of immature and more mature NK cell subsets, suggesting
an inhibitory role of NKT cells on NK cell killing activity. The results sug-
gest that NKT cells preferentially promote IFN-y production but are
inhibitory for the cytotoxic function of NK cells in this infection model.
Furthermore, the differential modulating effect of NKT cells on the IFN-y
production and cytotoxicity of NK cells was observed in immature and
mature NK cell subsets, although it was more dramatic in the relatively
mature CD11b"8" CD27"%8" NK cell subset. This finding demonstrates the
complexity of innate cell interactions in infection and the possible differ-
ential impact of NKT cells on the variable functional aspects of other
cell(s) even in one infection setting.

Keywords: Chlamydia; cytotoxicity; interferon-y; natural killer cell; natural
killer T cell

humans).>* After their TCRs are stimulated by CD1d-
presented glycolipid antigen, NKT cells can be rapidly

Natural killer T (NKT) cells are a unique subset of T lym-
phocytes that also express typical NK cell markers, such
as NK1.1 (or NKR-P1C) and the molecules belonging to
the Ly49 killer-inhibitor receptor family."* The majority
of NKT cells in mice express an invariant Vo14-J18 T-
cell receptor (TCR) a-chain (Va24-J¢18 in human) and a
biased set of V8, V7 and V2 TCR f-chains (V11 in

activated to secrete different types of cytokines such as
interferon-y (IFN-y). Because of their capability to rapidly
respond to stimulation, NKT cells are considered to play
a promoting or regulatory role in a broad range of disease
conditions including infections, allergy, atherosclerosis,
autoimmune diseases, tumours and allograft rejection.””
The NKT cells have been implicated in the modulation of

Abbreviations: Cm, Chlamydia muridarum; DC, dendritic cell; EB, Chlamydial elementary body; IFU, inclusion forming unit;
KO, gene knockout; MOI, multiplicity of infection; NK cell, natural killer cell; NKT cell, natural killer T cell; SPG, sucrose

phosphate glutamic acid buffer; WT, wild-type.
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the function of dendritic cells, macrophages, B cells, con-
ventional T cells as well as NK cells.*'" At the same time,
NKT cells can also play a role as effector cells, as shown
by their cytolytic function against tumour cells.'**

Natural killer cells, as large granular lymphocytes, play
an important role in the early stage of immune responses
by their two major functions: cytotoxicity and cytokine
production, especially of IFN-y. Activated NK cells can
kill infectious cells and tumour cells without prior sensiti-
zation. In addition, NK cells can also produce cytokines
that regulate subsequent adaptive immune responses
against infectious pathogens. The NK cells are phenotypi-
cally and functionally heterogeneous. Although inconsis-
tent findings have been reported, humans NK cells can be
grouped into two subsets according to the levels of sur-
face CD56 expression, which are different in phenotype,
tissue distribution and function.'””> Murine NK cells are
grouped into four subpopulations based on CDI11b and
CD27 expression: CD11b"°" CD27°%, CD11bP°Y CD27"",
CD11b"8" CD27"" and CD11b"#" CD27°*''® Some
studies suggest that the four subsets may represent differ-
ent stages of NK cell maturation, successively from the
immature CD11b'Y CD27'°% subset to the terminally
mature CD11b"¢" CD27°" subset.!” Like human NK cell
subsets, the murine NK cell subsets appeared different in
phenotype and function, particularly in cytokine produc-
tion, cytotoxicity and migratory capacity.'® Notably, most
of the data on NK cell subsets were generated from stud-
ies that activated NK cells in ex vivo cell cultures through
adding exogenous cytokines or cross-linking of NK cell
activating receptors.'®'®'” The major mechanisms, by
which NK cells play their role in host defence against
infections and tumours, are thought to be related to their
cytokine, especially IFN-y, production and cytotoxicity.
For killing cells by cytotoxicity, NK cells release lytic
granules by exocytosis leading to CD107a mobilization
onto the cell surface, which is easily detectable by flow
cytometry.”>*' Therefore, examining CD107a expression
on NK cells (degranulation) following co-culture with tar-
get cells (such as Yac-1) has become a widely used
method for measuring NK cell cytotoxicity.

A promoting effect of NKT cells on NK cells has been
shown in several studies using o-galactosylceramide (o-
GalCer), a soluble model lipid antigen initially isolated
from marine sponge. Indeed, following the stimulation by
o-GalCer, NKT cells rapidly activate NK cells to produce
IFN-7.® Injection of a-GalCer in vivo induced NK cell pro-
liferation and cytotoxicity through a CD1d/NKT-cell-
dependent mechanism.*” Activation of human NKT cells
through TCR stimulation also increased NK cell cytotoxic-
ity against tumour cell lines showing enhanced interleu-
kin-2 and IFN-y production.'* On the other hand, a recent
study showed that the NK cell activation and protection in
Trypanosoma cruzi infection occurred independently of
NKT cell responses.*” Therefore, the influence of NKT cells

Differential modulation of NKT on NK function

on NK cells is probably different in different disease set-
tings. Further study on the interaction of NKT cells and
NK cells especially from the angle of NK cell functions in
real infection settings becomes an important topic in
understanding the mechanism in immune regulation.

Chlamydia is an obligate intracellular bacterial patho-
gen causing a wide range of human diseases including
ocular, respiratory and reproductive tract infections. Pre-
vious studies have shown NK and NKT cell responses in
various types of chlamydial infections.**’ However, the
relationship between these two important innate immune
cells in chlamydial infections has not been reported. In
the present study, using a mouse Chlamydia muridarum
respiratory tract infection model, we addressed the ques-
tion of the possible modulating effect of NKT cells on
NK cell activation, expansion and function in this intra-
cellular bacterial infection setting. We found that NKT
cells could enhance the activation, expansion and matura-
tion of NK cells in chlamydial infection. We also found a
differential modulating effect for NKT cells on the func-
tions of NK cells regarding their IFN-y production and
cytotoxicity. Specifically, the C. muridarum-activated NKT
cells promoted IFN-y production by NK cells but showed
an inhibitory effect on the cytolytic function of NK cells.
The data provide new insights into the modulating effect
of NKT cells on the function of NK cells and the com-
plexity of the functional interaction between innate
immune cells in real infection settings.

Methods

Mice

Female C57BL/6 mice were maintained in a specific-path-
ogen-free animal facility at the University of Manitoba.
Breeding pairs of Jal8 gene knockout (Jo1877) mice,
which lacked invariant NKT cells in B6 background were
kindly provided by Dr Masaru Taniguchi (RIKEN
Research Center for Allergy and Immunology) and bred
at the animal care facility of the University of Manitoba.
All mice used were between 6 and 12 weeks old. All
experiments were conducted in accord with the guidelines
of the Canadian Council on Animal Care and the proto-
col was approved by the ethical committee of the Univer-
sity of Manitoba.

Chlamydia

Chlamydia muridarum was propagated, purified and
quantified as previously described.'’ Briefly, C. murida-
rum was grown in HeLa 229 cells in Eagle’s minimum
essential medium containing 10% fetal bovine serum
(FBS) and 2 mw r-glutamine. After 48 hr culture, infected
cells were harvested. Elementary bodies (EBs) were
purified by discontinuous density gradient centrifugation.
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The purified EBs were measured by immunostaining and
stored at —80°. For in vitro experiments, cells were treated
with live EBs at a multiplicity of infection of 3. For
mouse infection, 2 X 10° inclusion-forming units (IFUs)
of C. muridarum in 40 pl final volume of PBS were used
to inoculate mice intranasally.'” The same seed stock of
EBs was used throughout the study.

Lung mononuclear cell preparation

Mice were killed at specific time-points following C. muri-
darum infection. The lungs were cleared of blood by perfu-
sion using ice-cold PBS, cut into small pieces and digested
for 1 hr at 37° using 2 mg/ml collagenase XI (Sigma-
Aldrich, Oakville, Ontario, Canada) and 100 pg/ml DNase
I (Sigma-Aldrich). After digestion, the tissue fragments
were transferred into 15-ml tubes and then centrifuged.
The cell pellets were resuspended in 5 ml of 35% (volume/
volume) Percoll (Pharmacia, Uppsala, Sweden) and centri-
fuged at 700 g for 15 min at room temperature. Red blood
cells were lysed with ACK lysis buffer followed by two
washes in RPMI-1640 with 10% FBS and resuspended in
complete RPMI-1640 medium (RPMI-1640 supplemented
with 10% FBS, 2 mm r-glutamine, 25 g/ml gentamicin and
5% 107> M 2-mercaptoethanol) for further analysis.

Antibodies

Fluorescently labelled monoclonal antibodies (mAbs) and
corresponding isotype controls were purchased from eBio-
sciences or Biolegend. Staining for iNKT (invariant NKT)
cells was carried out using phycoerythrin (PE) -conjugated
PBS-57 glycolipid—-CD1d tetramer (kindly provided by the
National Institute of Allergy and Infectious Disease MHC
Tetramer Core Facility, Atlanta, GA). For analysis of NK
subsets by flow cytometry, Anti-CD3e-PE-Cy7, anti-
NKI1.1-PE, anti-NKl.1-allophycocyanin (APC), anti-
CD69-PE, anti-CD11b-APC, anti-NK1.1-Pacific Blue, anti-
CD27-FITC, anti-CD11b-APC-Cy7 were wused. For
CD107a degranulation assay, anti-CD107a-PE or anti-
CD107a-FITC (Biolegend) mAbs were used. For CD1d
blocking experiments, functional grade purified anti-
mouse CDI1d antibody (eBioscience) and isotype control
antibody (Rat IgG2bk Functional Grade; eBioscience) were
used at a final concentration of 10 pg/ml.

Degranulation assay

The NK cell cytotoxicity (degranulation) was assessed by
testing CD107a expression using flow cytometry, as des-
cribed previously.”**! Single splenocytes and lung mono-
nuclear suspensions from wild-type (WT) and Jo18™™ mice
were resuspended at 5 x 10° in RPMI-1640 containing 10%
FBS, 2 mm L-glutamine, 25 g/ml gentamicin, and stimulated
with YAC-1 cells in the presence of anti-CD107a antibody

at an effector to target ratio of 5 : 1 in 96-well plates. Cells
stimulated with PMA (2-5 pg/ml) and ionomycin (0-5 pg/
ml) served as a positive control. Cells alone served as the
negative control. After 1 hr of culture, monensin (6 pg/ml;
eBioscience) was added and cells were incubated for an
additional 3 hr at 37°. Thereafter, cells were stained with
fluorescence-conjugated anti-NKl.land anti-CD3e mAb,
and analysed by flow cytometry. The frequency of CD107a-
positive NK cells (NK1.1" CD3e") in the samples of differ-
ent groups was calculated by subtracting the frequency of
CD107a-positive NK cells in negative controls.

Surface marker and intracellular cytokine staining

For in vitro experiments, bulk ex vivo spleen cells from
naive mice were prepared and cultured in the presence of
live EBs. The cells were collected for surface staining of
CD69 and intracellular IFN-y staining at different time-
points of culture and brefeldin A (eBioscience) was added
to the culture 3 hr before cell collection. For in vivo
experiments, the fresh lung mononuclear cells and spleno-
cytes were stained with anti-CD3¢-PE-Cy7, anti-NKI1.1-
APC and anti-CD69-PE for CD69 expression. Some cells
were stimulated with PMA (50 ng/ml) and ionomycin
(1 pg/ml) and incubated in complete RPMI-1640 medium
at 37°. After 3 hr of incubation, brefeldin A was added
and cells were cultured for another 3 hr to accumulate
cytokines intracellularly. Cells were subsequently washed
and blocked for 10 min with anti-CD16/CD32 in FACS
buffer (Dulbecco’s PBS, 2% heat-inactivated FBS, 0-09%
sodium azide) and then surface stained with the appro-
priate antibodies. Cells were fixed (IC fixation buffer;
eBioscience), permeabilized (permeabilization buffer;
eBioscience) and subsequently stained with APC-anti-
IFN-y for 30 min. Stained cells were washed and analysed
using an LSR II flow cytometer (BD Bioscience, San Jose,
CA). The data were subsequently analysed with FACS
EXPRESS software (De Novo Software, Los Angeles, CA).

Statistical analysis

Statistical analysis of the data was performed using
unpaired Student’s t-test (GrapHPAD Prism software, ver-
sion 4, San Diego, CA). Values of P < 0-05 were consid-
ered significant.

Results

Infection of ex vivo mouse spleen cells with
C. muridarum activate both NK and NKT cells which
express activation markers and produce IFN-y

Ex vivo spleen cells from naive C57BL/6 mice were cul-
tured with live C. muridarum EB at a multiplicity of
infection of 3. At different time-points after infection, we
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evaluated the activation of NKT cells (PBS-57 glycolipid—
CDI1d tetramer” CD3e") and NK cells (NKI.1" CD3e")
by measuring surface CD69 expression using flow cytom-
etry. We also measured IFN-y production by these cells
using intracellular cytokine staining. As shown in Fig. 1,
C. muridarum infection rapidly increased CD69 expres-
sion on both NK and NKT cells, peaking at 12-24 hr,
with about twofold increase of mean fluorescence inten-
sity (Fig. lc,d, left panel). Production of IFN-y by NK
and NKT cells was also rapidly enhanced although the
peak of IFN-y production by NKT cells appeared earlier
than NK cells (12 hr versus 24 hr). The percentages of
IFN-y-producing NKT and NK cells were lower than the
percentage of CD69" cells (17-22%). The NKT cells and
NK cells had similar kinetics of CD69 expression and
IFN-y production in response to C. muridarum infection
in vitro (Fig. 1c,d). The results generated from the in vitro
culture system suggest that chlamydial infection can up-
regulate the activation and induce IFN-y production of
both NKT cells and NK cells.

Differential modulation of NKT on NK function

C. muridarum infection-activated NKT cells influence
IFN-y production by NK cells in the in vitro culture
system

Previous data showed that NKT cells activated by o-Gal-
Cer can promote IFN-y production by NK cells.*** To
analyse whether NKT cells can influence NK cells in chla-
mydial infection, we compared NK cell responses, mea-
sured by CD69 expression and IFN-y production, in the
infection system of ex vivo spleen cells isolated from WT
and NKT knockout (KO; Jo18'7) mice. As shown in
Fig. 2, NK cells from Jo18™'~ mice showed dramatically
lower, compared with WT mice, CD69 expression (40%
versus 11%; mean fluorescence intensity 680 versus 350)
and IFN-y production (14% versus 5%) following infec-
tion. At most time-points, the percentage of IFN-y-pro-
ducing NK cells from Jo18~'~ mice was less than half of
those from WT mice. As the activation of NKT cells was
mostly dependent on CD1d-TCR interactions, we also
added CD1d-blocking mAb to the culture of WT spleen

Tetramer ——p-

SSC —np
NK1.1 e—p

Figure 1. Natural killer (NK) and NKT cells
were

activated and produced interferon-y
(IFN-y) following in vitro infection with Chla-

mydia muridorum. Ex vivo splenocytes isolated

from naive C57BL/6 mice (three mice) were
infected with live C. muridorum elementary
bodies at a multiplicity of infection of 3 and

cultured for 6-24 hr in complete culture med-
ium. Control cells were cultured but not
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Figure 2. Natural killer (NK) cells from Jo187'~ mice show lower
CD69 expression and interferon-y (IFN-y) production in response to
live Chlamydia muridorum infection than those from wild-type (WT)
mice. Ex vivo splenocytes from WT and Ja187/~ mice were infected
by live elementary bodies at a multiplicity of infection of 3. (a)
CD69 expression on NK (NK1.1" CD3e”) cells was analysed at 12 hr
after infection. Representative histograph is shown. Grey histograms,
isotype control antibody staining; solid lines, anti-CD69 antibody
staining. (b) Summary of the proportion and the mean fluorescence
intensity (MFI) of CD69 on NK cells. Data represent mean + SD for
three to four mice. **P < 0-01. (c) Representative dot plot of intra-
cellular IFN-y staining at 24 hr culture is depicted. Cells were gated
on NKI.1" CD3e™ cells. (d) Summary data on IFN-y-producing NK
cells at different time-points of infection. *P < 0-05. The results are
shown as mean * SD of three mice in each group and are represen-
tative of three independent experiments.

cells to confirm the effect of NKT activation on NK cells.
As shown in Fig. 3, the blockade of CD1d-TCR interac-
tion, and hence the activation of NKT cells, significantly
inhibited CD69 expression and IFN-y production by NK
cells, again suggesting the influence of NKT cells activated

by C. muridarum infection on NK cell activation.
Together, the experiments, using both NKT KO mice and
CD1d mAb blocking, confirmed the significant modulat-
ing effect of NKT cells on NK cell activation and cytokine
production. However, it is also clear that NK activation
(CD69 expression and IFN-y production) was not depen-
dent on NKT cells because significant NK activation was
observed in the condition of NKT cell deficiency and
CDI1d blocking although the levels were significantly
lower.

NK and NKT cells become activated and expanded
during in vivo C. muridarum infection

After showing activation of both NKT and NK cells by
C. muridarum infection and the influence of NKT cells
on NK cells in the in vitro system, we further tested
NKT and NK cell responses in vivo. As shown in
Fig. 4(a,c), both NKT cells (PBS-57 glycolipid—CD1d tet-
ramer" CD3e") and NK cells (NKI.1* CD3e”) expanded
following C. muridarum lung infection. The increase in
percentages of NK cells began to be observed at day 1
post-infection with significant increase at day 3 post-
infection (Fig. 4a). However, the percentage of NKT cells
only displayed a mild increase at day 3 (Fig. 4c). Consid-
ering the absolute number of infiltrating cells in the lung
changes following infection, we also measured the abso-
lute number of NK and NKT cells in the lung at different
times following infection. As shown in Fig. 4(b,d), both
cell types expanded following infection. In addition, we
found increased CD69 expression on NKT (PBS-57 glyco-
lipid—-CD1d* CD3e*) cells (Fig. 4¢) and NK (NKI1.1"
CD3e") cells (Fig. 4f) following in vivo infection. Similar
results were obtained with spleen cells (data not shown).
The results indicate that C. muridarum lung infection
can induce the activation and expansion of both NKT
cells and NK cells, confirming the finding of in vitro
experiments.

Induction of IFN-y production and degranulation of
NK cells by in vivo C. muridarum infection

Having shown the activation and expansion of NK cells
in mice with C. muridarum lung infection, we further
examined the function of NK cells on IFN-y production
and cytotoxicity following the infection. As shown in
Fig. 5(a,c), lung NK cells (NK1.1" CD3e") from C. muri-
darum -infected mice showed quick enhancement of
IFN-y production even at day 1 post-infection. For cyto-
toxicity, NK cells were tested for degranulation, measured
by CD107a expression following stimulation with YAC-1
cells. Similar to IFN-y production, C. muridarum lung
infection enhanced NK (NKI1.1* CD3e”) cell degranula-
tion, and hence cytotoxicity, although the enhancement
appeared later than that of IFN-y (Fig. 5b,d). Analysis of
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Figure 3. Natural killer (NK) cells show lower CD69 expression and interferon-y (IFN-y) production when NKT cells were blocked by anti-
CD1d antibody. Splenocytes were infected by live elementary bodies (multiplicity of infection 3) in the presence of anti-CD1d antibody (10 pl/
ml) or isotype control monoclonal antibodies (mAbs; sham). (a) CD69 expression on NK cells at 12 hr infection. Grey histograms, isotype con-

trol antibody staining; solid lines, anti-CD69 mAb staining. (b) Summary of CD69 expression on NK cells in difference culture conditions. (c)
Intracellular IFN-y staining of NK cells at 24 hr after infection. Cells were gated at NK1.1" CD3e™ cells. (d) Summary of intracellular IFN-y stain-
ing of NK cells. Data are mean = SEM of cumulative data from three separate experiments and three mice in each group.

splenic NK cells showed a similar kinetics of IFN-y pro-
duction and CD107a expression (data not show). Collec-
tively, the results suggest that NK cells not only produce
IFN-y but also display cytotoxicity during C. muridarum
lung infection.

NKT cell deficiency leads to reduced expansion of NK
cells with differential changes in IFN-y production
and degranulation of NK cells following

C. muridarum infection

To further test the influence of NKT cells on NK cells in
vivo following chlamydial infection, we first examined the
expansion of NK cells in the spleen and lung following
C. muridarum infection in the WT and Jo18~~ mice. As
shown in Fig. 6(a—d), NK cells (CD3™ NK1.1") in the
Je187'~ mice was significantly reduced in both percent-
ages and absolute numbers in the spleen (Fig. 6a,b) and
lung (Fig. 6¢,d) following C. muridarum lung infection.
We then compared WT and Jo18™~ mice in IEN-y pro-
duction and degranulation by NK cells following C. muri-
darum lung infection to examine the impact of NKT cells
on NK cell function. As shown in Fig. 6(e), at day 3 after
infection, significantly lower percentages of splenic and
pulmonary NK cells in J«18~~ mice produced IFN-y than
in WT mice. In contrast, the percentages of degranulating
splenic and pulmonary NK cells (measured by CD107a
expression) in Ja18~/~ mice were significantly higher than
in WT mice (Fig. 6f). A similar finding was observed at
day 5 post-infection (data not shown). Taken together,
the results suggest that NKT cells have a positive effect on

NK cell expansion but have differential effects on the NK
cells IFN-y production (promoting) and cytotoxicity
(inhibitory) following C. muridarum lung infection.

NKT cell deficiency leads to changes in NK cell subset
expansion but the differential effect on IFN-y
production and cytotoxicity was not restricted

to particular NK cell subsets

Having found the differential effect of NKT cells on the
IFN-y production and cytotoxicity of NK cells, we then
decided to examine whether the differential effect was
caused by the potential differential modulating effect of
NKT cells on NK cell subsets, which might have different
patterns for the two aspects of NK cell function. Although
still controversial, some studies found that murine NK cells
can be grouped into subsets based on CD11b and CD27
makers, especially for splenic NK cells.'®*® Accordingly, we
first measured the percentage of different NK subsets in
J«18~~ and WT mice based on the surface expression of
CD27 and CDI11b on NKI1.1" CD3e™ NK cells following
C. muridarum lung infection. As shown in Fig. 7(a,b), the
proportion of NK subsets was altered in the spleen of
Ja187'~ mice following C. muridarum infection. Specifi-
cally, the subset of immature NK cells (CD1 1b°Y CD27Msh)
was significantly higher in J«18™'~ mice than in WT mice
(23-32 + 1-531% versus 17-09 + 0-289%) and the more
mature CD11b"&" CD27"8" NK subset was significantly
reduced in Ja18' mice compared with in WT mice
(10-98 + 1-75% versus 22-78 + 1-52%). However, the pro-
portion of terminal mature CD11b™&" CD27"°"NK cells

© 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology, 134, 172-184 177
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Figure 4. Natural killer (NK) and NKT cells expand and become activated following Chlamydia muridorum lung infection. Mice were infected
with C. muridorum elementary bodies (2 x 10°IFUs) intranasally and killed at various days after infection. Lung mononuclear cells were prepared
as described in the Materials and methods and stained for PBS-57 glycolipid-loaded CD1d tetramer, NK1.1, CD3e and CD69. Representative dot
plot of the percentage of NK (NK1.1" CD3e") cells (a) and iNKT (PBS-57 glycolipid loaded CD1d tetramer" CD3e") cells (c) among gated lym-
phocytes based on forward and side scatter (as shown in Fig. 1) are shown. Kinetics of the absolute number of NK cells (b) and iNKT cells (d)
in lung after infection. The data represent one of four independent experiments and are shown as mean + SD for three mice. (e) Left panel: rep-
resentative histograph of CD69 expression by iNKT cells (PBS-57 glycolipid loaded CD1d tetramer” CD3e") at day 3 after infection: isotype con-
trol antibody staining (grey histograms), uninfected mice (solid thin lines), infected mice (solid thick line). Right panel: the mean fluorescence
intensity (MFI) of CD69 expression by lung iNKT cells. Data are mean + SD of three mice. Three independent experiments were carried out. (f)
Left panel: representative histograph of CD69 on NK cells gated as NK1.1" CD3e™ at day 3 after infection: isotype control antibody staining (grey
histograms), uninfected mice (solid thin lines), infected mice (solid thick line). Right panel: the MFI of CD69 by lung NK cells. The data repre-
sent one of three independent experiments and are shown at mean + SD for three mice.

appeared to be comparable between the two types of
mice. Notably, in the lung, virtually all the NK cells
(> 97%) were mature (CDllbhigh) and no significant dif-
ference was observed in NK subsets between the Jo187/~
mice and WT mice (Fig. 7c,d). Moreover, there was no
significant difference in proportion of NK subsets between
naive WT and NKT KO mice (data not shown). The data
suggest that the NKT cells do have some impact on the
maturation of NK cells, and hence on the proportion of
NK subsets, but this impact is minimal in infected tissues
(lung).

We further examined IFN-y production and surface
CD107a expression on different NK subsets in spleen and
lung by flow cytometry (Fig. 8). We found that although
the different NK cell subsets in spleen (Fig. 8a—d) and
lung (Fig. 8e—h) were different in IFN-y production and
surface CD107a expression following C. muridarum infec-
tion, CD27"8" CD11b"#" subset had the highest IFN-y
production and CD107a expression among the subsets.
When the IFN-y production by different NK subsets was
compared between WT and Jo187™'~ mice, it was found
that although the immature splenic CD27"&" CD11b""

178 © 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology, 134, 172-184
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Figure 5. Induction of interferon-y (IFN-y) production and degranulation of natural killer (NK) cells following Chlamydia muridorum lung infec-

tion. Mice were killed at different days following intranasal infection with C. muridorum elementary bodies (2 x 10 IFUs) and the lung mononu-

clear cells were prepared for flow cytometry. The gating strategy for NK cells (NK1.1" CD3e") is shown on the top. (a) IFN-y production by NK

cells (NKI1.1" CD3e™ cells) was assayed by intracellular cytokine staining. (b) CD107a expression by NK cells showing degranulation as described

in the Materials and methods. Data are representative one of three independent experiments. (c) Summary data of the percentage of IFN-y* NK

cells at different days after infection. (d) Summary data of the percentage of CD107a" NK cells at different days after infection. Data represent

one of three independent experiments and are shown as mean + SD for three mice.

NK cells in Jx18~~ and WT mice showed comparable
levels of IFN-y production, the two more mature NK sub-
sets (CD27"'" CD11b"®" and CD27'°™ CD11b"™¢") in the
Ja187'~ mice showed significantly lower production of
IFN-y than those in WT mice (Fig. 8a,b). In sharp con-
trast, when the surface CD107a expression was compared,
both CD27"¢" CD11b'" and CD27"¢" CD11b"®" NK
subsets in Jo18~ mice showed significantly higher
CD107a expression than those in WT mice (Fig. 8¢c,d).
Analysis of pulmonary NK cells. which were mostly
mature CD11b"8" cells. showed a very similar pattern of
distinction between IFN-y production and CD107a
expression by NK cells between WT and Jo18™'~ mice

© 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology, 134, 172-184

(Fig. 8e—h). These results suggested that NKT cells pro-
mote IFN-y production by NK cells, but are inhibitory
for NK cell cytotoxicity following C. muridarum infection.

Discussion

In the present study, we sought to investigate whether
NK cell responses were influenced by NKT cells in cell
activation, expansion, subsets and functions during chla-
mydial infection. We used in vitro and in vivo infection
models for this investigation. The results showed that
both NKT cells and NK cells became activated (up-regu-
lated CD69 expression) and produced IFN-y following
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Figure 6. Reduced cellular expansion, interferon-y (IFN-y) production and enhanced surface CD107a expression of natural killer (NK) cells in
Jor18~'~ mice following Chlamydia muridorum (Cm) lung infection. Mice were intranasally infected with C. muridorum (2 x 10° IFUs) and exam-
ined at day 3 post-infection. Splenocytes and lung mononuclear cells from wild-type (WT) and Jo18™'~ mice were prepared for flow cytometry
analysis. Lower expansion of NK cells in Jo18~'~ mice in spleen (a) and in lung (c). Representative dot plots are shown. (b) The percentage
(upper) and the absolute number (lower) of NK cells in spleen. (d) The percentage (upper) and the absolute number (lower) of NK cells in lung.
Data are shown as mean + SEM of three independent experiments, each with three mice in one group. *P < 0-05. (e) Spleen and lung NK cells
(NK1.1" CD3e”) were analysed for intracellular IFN-y and the percentage of IFN-y-producing NK cells was summarized. (f) Summary of
CD107a expression on the surface of NK cells obtained from spleen and lung following C. muridorum infection. The data are shown as
mean + SD (n = 3). One representative experiment of three independent experiments is shown.*P < 0-05; **P < 0-01; ***P < 0-001.

C. muridarum infection of bulk cultured ex vivo murine most powerful cytotoxic cells. More importantly, we
spleen cells and when mice were infected in vivo through found differential influential effects of NKT cells on the
intranasal inoculation. Moreover, the data showed that functions of NK cells in IFN-y production and cytotoxic-
NKT cells preferentially promote CD27"" CD11b™&" NK ity, enhancing IFN-y production but inhibiting cytolytic
subsets which were also the major IFN-y producers and function.
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Figure 7. Natural killer T (NKT) cell-deficient mice show altered pattern of NK subsets. Splenocytes and lung mononuclear cells were isolated

from wild-type (WT) and Jo18~/~ mice at day 3 following Chlamydia muridorum lung infection (2 x 10> IFUs) and analysed by multi-colour

flow cytometry. The gating strategy is depicted. (a—d) differential NK subsets in WT and Ja18™'~ mice. (a, c) Representative dot plots showing
NK subsets in spleen (a) and lung (c) based on CD27 and CD11b expression on gated NK1.1* CD3e™ cells. (b, d) Summary of the NK cell sub-
sets in spleen (b) and lung (d). Data are mean * SD of three mice in each group. Three independent experiments were performed and one repre-

sentative experiment is shown. *P < 0-05.

Our data, on the one hand, confirmed the promoting
effect of NKT cells on NK cells reported in previous
studies, which were mostly performed using model anti-
gens rather than natural infections.*'**>** But most
interestingly, we found a differential effect of NKT cells
on IFN-y production (promoting) and cytotoxicity
(inhibitory) of NK cells in chlamydial infection. This is
the first study, to our knowledge, to show this kind of
differential effect, especially in a real infection model sys-
tem. Both IFN-y production and cytotoxicity are the
major functions of NK cells which are critically important
for the cells to fight against infections and tumours.
Notably, the differential capacity of NK cells in IFN-y
production and cytotoxicity has been reported in various
model systems. For example, NK cells from hepatitis C
virus-infected patients displayed enhanced degranulation
but decreased IFN-y production compared with healthy

© 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology, 134, 172-184

donor controls.”® The data in our study showing the dif-
ferential effect of NKT cells on the different effector func-
tions of NK cells suggests a contribution of NKT cells to
the functional polarization of NK cells. This differential
effect of NKT cells on the different aspects of NK cell
function further emphasizes the importance of the exis-
tence of multi-layer cellular interactions in immune regu-
lation in complicated pathogenic infections. However, the
exact mechanism by which NKT cells polarize NK cell
function remains unclear. In particular, the differential
effect of NKT cells on the IFN-y production and cytotox-
icity of NK cells did not appear to be through modulat-
ing different NK cell subsets. Although NKT cells did
show a preferential promoting effect on the expansion of
the CD27Msh CD11bMe" (Fig. 7a,b) subset, the effect of
NKT cells on the function of this NK subset regarding
IFN-y production and cytotoxicity was in sharp contrast,
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Figure 8. Natural killer T (NKT) cell-deficient mice show differential effect on interferon-y (IFN-7) production and cytotoxicity of NK subsets.
Splenocytes and lung mononuclear cells were isolated from wild-type (WT) and Ja18™'~ mice at day 3 following Chlamydia muridorum lung
infection (2 x 10° IFUs) and analysed by multi-colour flow cytometry. NK subsets were gated based on the expression of CD11b and CD27, as
shown. (a—h) Differential IFN-y production and CD107a expression of NK subsets in the spleen (a—d) and lung (e-h) in WT and Jo187~'~ mice
are shown. (a, ¢) Representative dot plots of IFN-y production (a) and CD107a expression(c) by NK subsets in spleen. (b, d) Summary data of
IFN-y-producing NK cells (b) and cell surface CD107a expression (d) in spleen. (e, g) Representative dot plots of IFN-y production (e) and
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the lung. Data are presented as mean £ SEM of cumulative data from two independent experiments and three mice in each group. *P < 0-05,
**P < 0-01, ***P < 0-001.
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promoting IFN-y production but inhibiting cytotoxicity
(Fig. 8a—d). In addition, the differential effect on NK
functions was also observed in other NK subsets includ-
ing immature (CD27"#" CD11b"") and terminal mature
(CD27"°% CD11bM#") NK cells (Fig. 8a—d). One aspect to
focus on in the next step of mechanistic studies may be
the biochemical pathways. It has been reported that dif-
ferent biochemical pathways are probably involved in
controlling the cytokine production and cytotoxicity
function of NK cells. The enhanced degranulation of NK
cells in hepatitis C virus-infected patients was associated
with increased TRAIL expression.’® It was also reported
that the signalling of KIR2DL4, a killer cell immunoglob-
ulin-like receptor family member, induced strong IFN-y
production but not cytotoxicity by resting NK cells.”*
The deficiency of phospholipase C (PLC)-y, led to defec-
tive degranulation of cytotoxic granules but had no effect
on interleukin-12-induced IFN-y production by NK
cells.”® Moreover, NK cells from Vav-1-deficient mice
had reduced capacity to kill tumour cells upon 2B4,
CD16 and NKI.1 stimulation, but their IFN-y production
was normal.”® Therefore, it is possible that NKT cells can
influence the signalling pathways in NK cells, hence mod-
ulating the function of NK cells depending on the biolog-
ical context.

The exact implication of the differential effect of NKT
cells on NK cells’ IFN-y production and cytotoxicity in
host defence against chlamydial infection per se remains
to be investigated. Superficially, it is even puzzling in
some degree. Specifically, because IFN-y has been shown
to be critically important for controlling chlamydial infec-
tion, the enhancing effect of NKT cells on NK cells’ IFN-
7 production should theoretically have a positive impact
on host defence against chlamydial infection. However,
we recently reported that NKT-cell-deficient CD1d KO
mice showed accelerated resolution of C. muridarum pul-
monary infection and better protection than WT mice.”*
We also showed that enhancing NKT cell function by
injecting a:GalCer led to more serious infection and path-
ological changes in C. muridarum-infected mice.”* The
reported data would suggest a detrimental role of NKT
cells in this infection model, which appeared to contradict
the observed IFN-y-promoting effect on NK cells. On the
one hand, the data might suggest a less important contri-
bution of IFN-y production by NK cells than that by T
cells in chlamydial infection. It is possible that the NKT-
enhanced IFN-y production by NK cells does not trans-
late into enhanced IFN-y production by T cells in this
condition. Indeed, the IFN-y production by T cells in the
CD1d KO mice was not low compared with WT mice fol-
lowing C. muridarum infection.” It is also true that there
is no clear evidence that IFN-y produced by NK cells per
se plays an important role in controlling chlamydial infec-
tion, unlike the critical role of IFN-y production by CD4
and CD8 T cells which has been shown in numerous

Differential modulation of NKT on NK function

studies. On the other hand, the data might suggest a rela-
tively more important contribution of NK cell cytotoxic
function in controlling chlamydial infection. The cyto-
toxic function of NK cells has also been shown to play a
role in controlling chlamydial infection.”**>*® The present
study showed increased cytotoxic function of NK cells in
the condition of NKT cell deficiency, which was parallel
with the reported better protection in these mice, so the
data appeared to support a relatively important role of
cytotoxicity of NK cells. Hence, the reduced IFN-y pro-
duction of NK cells in the condition of NKT cell defi-
ciency might not have significant negative impact on host
defence whereas the enhanced NK cell cytotoxicity in
these circumstances may have a positive impact. More
importantly, the differential modulating effect of NKT
cells on NK cells’ IFN-y production and killing function
has further impact on the next level of immune regula-
tion, such as influencing dendritic cell function. Indeed,
both the IFN-y production and killing function of NK
cells can influence dendritic cell function, which is criti-
cally important for immune regulation.”’° In particular,
NK cells were found to kill certain dendritic cell subsets
that were related to T helper type 2 responses.’® Hence,
NK cells may lead to promotion or inhibition of particu-
lar dendritic cell subsets, consequently influencing adap-
tive immunity in different circumstances. Obviously,
further study in this area may enhance our understanding
not only of host defence against chlamydial infections in
particular, but also immune regulation in general. More-
over, further study on the modulating effect of NKT cells
on NK cells in different infection and disease models par-
ticularly from the angle of combined examination of the
effect on both cytokine production and cytotoxic func-
tions will also be likely to enrich our understanding on
the interaction between different types of innate and
adaptive immune cells.
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