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Cutting Edge: The Mechanism of Invariant NKT Cell
Responses to Viral Danger Signals'

Aaron J. Tyznik,* Emmanuel Tupin,z’3 * Nira

Invariant NK T (zNKT) cells influence the response to
viral infections, although the mechanisms are poorly de-
fined. In this study we show that these innate-like lym-
phocytes secrete IFN-y upon culture with CpG oligode-
oxynucleotide-stimulated dendritic cells (DCs) from
mouse bone marrow. This requires TLR9 signaling and
IL-12 secretion by the activated DCs, but it does not
require CD1d expression. iINKT cells also produce
IEN-v in response to mouse CMYV infection. Their
mechanism of mouse CMV detection is quite similar to
that of CpG, requiring both TLR9 signaling and IL-12
secretion, while the need for CD1d expression is rela-
tively minor. Consequently, INKT cells have the ability
to respond to a variety of microbes, including viruses, in
an Ag-independent manner, suggesting they may play a
broad role in antipathogen defenses despite their limited
TCR repertoire. The Journal of Immunology, 2008,
181: 4452—4456.

nvariant NK T (NKT)® cells are a subpopulation of in-
nate-like T lymphocytes that express an invariant T cell Ag
receptor a-chain. INKT cells rapidly mount a response to
synthetic glycolipid Ags presented by CD1d that is character-
ized by the production of large amounts of IFN-y and IL-4 (1,
2). Additionally, INKT cells respond to several bacteria that
have glycolipids that engage their invariant TCRs. INKT cells
probably also can be activated by microbes that do not encode
Ags for their TCRs (3). For example, INKT cells have been re-
ported to influence the course of some viral infections. In fact,
several viruses down-regulate human CD1d expression, sug-
gesting a key role for INKT cells in antiviral defenses (4, 5).
It is well established that stimulation of APCs with bacterial
products or the TLR ligand LPS activate INKT cells in the ab-
sence of foreign Ag for their TCR (6, 7). Until recently, how-
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ever, it was not known whether other TLR ligands, such as
those that detect viral danger signals, also activate INKT cells.
Therefore, in this study we investigated the response of INKT
cells to a TLRY ligand, CpG oligodeoxynucleotide (ODN), and
the response to virus infection with mouse CMV (MCMYV) (8).
MCMYV is a B-herpesvirus that is a widely studied model with
viral control dependent on innate immune responses by stromal
cells, dendritic cells (DCs), and NK cells (9, 10). Despite stud-
ies assessing the potential contribution of INKT cells in innate
control of MCMV (11), direct analysis of INKT activation, and
the cytokine requirements for this activation, has not been per-
formed. In the present study we show that the mechanism of
INKT cell activation by MCMYV is similar to that of in vitro
activation by CpG ODN-stimulated APCs.

Materials and Methods
Mice

C57BL/6 (B6), BG6.129S1-1/126™""] (IL-12p40~'"), and BG6.129P2-
1118 ¥|] (IL-18"'~) mice were purchased from The Jackson Laboratory.
CDId™'"~ mice were a gift from Dr. L. Van Kaer (Vanderbilt University, Nash-
ville TN). 7/r97¢" mice were a gift from Dr. B. Beutler (The Scripps Research
Institute, La Jolla CA) (8). All mice were housed in specific pathogen-free
conditions.

Cell preparation

Liver lymphocytes were isolated as described previously (12). For preparation of
DCs, bone marrow was cultured in medium supplemented with 100 ng/ml
recombinant human fms-like tyrosine kinase-3 ligand (hFlt3L; Amgen) for 8
days. DCs were treated with 10 pg/ml type B CpG ODN 1826 or control 1982
ODN (Alexis Biochemicals), and infected with MCMYV Smith strain at a mul-
tiplicity of infection of 3, or mock infected, for 2 h. DCs were cultured with
INKT cells for 48 h before cytokine detection (7). INKT cells were obtained
from spleen by selecting for NK1.1* TCRB™ cells by flow cytometry as previ-
ously described (7). The purity of the cells collected, typically >98%, was as-
sessed using CD1d tetramers loaded with a-galactosylceramide («GalCer; pro-
vided by Kirin Pharma).

ELISA

A standard sandwich ELISA was performed to measure mouse IFN-vy, TNF,
and IL-4 following the manufacturer’s instructions (R&D Systems).
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Viral infections

Salivary gland extract stocks of Smith strain MCMV were prepared as previ-
ously described (13). Mice were infected with 5 X 10 PFU of virus in 500 wl
of PBS via i.p. injection.

Monoclonal Ab treatment

To block CD1d in vitro, 30 ug of anti-mouse CD1d clone 1B1 mAb was added
to cultures. For blocking in vivo, mice received 300 g of mAb on day —1, 200
g on day 0, and 100 ug on day 1 of 1Bl mAb or rat IgG controls

(eBiosciences) in PBS via i.p. injection (14).

Flow cytometry and intracellular cytokine staining

Lymphocytes were stained with aGalCer/CD1d tetramers labeled with
streptavidin-allophycocyanin, anti-NK1.1-PerCp PE-cyanin (PECy)5, anti-
CD8-PECy7, anti-CD11b-PECy7, anti-TCRp-allophycocyanin-AF750,
and CD25-FITC. All Abs and isotype controls, except anti-TCRp-
allophycocyanin-AF750 from eBioscience, were purchased from BD Bio-
sciences. As a positive control for INKT cell responses, mice were injected with
2 g of aGalCer. Cells were fixed and permeabilized using Cytofix/Cytoperm
buffer and stained for intracellular IFN-vy with PE-labeled clone XMG1.2. The
data were collected on a LSR II flow cytometer (BD Biosciences) and analyzed
using Flow]Jo software (Tree Star).

Results and Discussion
TLR9-stimulated DCs activate AINKT cells

Previous studies have demonstrated that mouse NKT cells
were activated following stimulation of DCs with the TLR4 li-
gand LPS (7). To further investigate the potential role of INKT
cells in regulating the immune response to viral danger signals,
we evaluated the ability of TLR9-stimulated or MCMV-in-
fected DCs to activate INKT cells in vitro.

Because triggering the TLR9 pathway with CpG-ODN
serves as a model for innate recognition of viral DNA, we tested
the ability of DCs stimulated with CpG ODN to activate
INKT cells in culture. DCs derived from bone marrow by cul-
ture with hFlt3L were exposed to CpG ODNs and cocultured
with highly purified splenic INKT cells. High levels of IFN-y,
but no IL-4 or TNF, were detected in the stimulated cocultures
(Fig. 14 and data not shown). Similar results were obtained
when the DCs were stimulated with TLR7 agonists (data not
shown). The production of IFN-y in the absence of IL-4 was
similar to previous results obtained from analyzing INKT cell
responses to LPS (7), but it contrasts with the results obtained
with /INKT cell activation by TCR agonists, which elicits all
three cytokines. IFN-vy secretion by INKT cells was dependent
on TLRY activation of the DCs, as nonstimulated DCs or DCs
stimulated with an inactive CpG ODN did not induce it. Ad-
ditionally, hFlt3L-derived DCs from 7ZR9“’“" mutant mice
were unable to induce IFN-7y secretion by INKT cells (Fig. 15).
IFN-vy production in these cultures was dependent on /INKT
cells, although TLR9-stimulated DCs in the absence of INKT
cells produced IL-12p70 (data not shown).

To define the mechanism of NKT cell activation by CpG
ODN-treated DCs, DCs were generated from mice deficient
for IL-12p40, IL-18, or CD1d. Similar to our previous results
with LPS-stimulated DCs, INKT cells did not produce IFN-y
when the TLR9-stimulated DCs were made from /L-1 2p407/7
mice. Somewhat surprisingly, /Z-1 8/~ DCs treated with CpG
ODN did induce IFN-vy production by INKT cells, contrasting
with the results from LPS stimulation (7). DCs derived from
CD1d-deficient mice were equally effective at causing IFN-y
secretion, and similar results were obtained when a CD1d-
blocking mAb was added to cocultures containing wild-type
(WT) DCs or CDId~'~ DCs to block the contribution of
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FIGURE 1. IFN-vy production by iNKT cells in response to CpG-stimu-
lated DCs. 4, WT DCs were stimulated with CpG ODN or nonactivating
CpG ODN (Non CpG), cocultured with purified splenic INKT cells, and cy-
tokine production was measured by ELISA. No Stim, Not stimulated. B, Pu-
rified ZINKT cells were cocultured with CpG or non-CpG ODN-stimulated
DCs derived from the indicated mouse strains or with DCs from CD1d4~'~ or
WT mice in the presence of anti-CD1d blocking mAb (1B1). Cytokine pro-
duction was measured in the supernatant by ELISA. Shown is a representative
experiment of five performed. Results represent the mean of one experiment
with three replicate cultures measured in triplicate for ELISA. Error bars rep-
resent SEM (z = 9 for each set of DCs).

CD1d expression by the INKT cells themselves. These results
indicate that INKT cells can be activated in response to IL-12
induced by endosomal TLR ligands independently of either
foreign or self-lipid Ag presentation by CD1d.

Odur results are consistent with those from several recent re-
ports showing /INKT cell activation following exposure to
TLR9 agonists. In one of these, however, activation in vivo did
not occur unless the CpG ODN was encapsulated in liposomes
(15). In studies using human INKT cells, activation marker ex-
pression was increased but cytokine release was not observed
(16), whereas in another study TLR3, 7, and 9 agonists were
shown to cause the in vitro expansion of human /NKT cells in
cultures of PBMC:s (17). Furthermore, a recent report demon-
strated that liver-derived mouse INKT cells were activated by
DCs exposed to TLR7 or TLRY agonists. However, in that
study /NKT cell activation was dependent upon type I IFN se-
cretion, not IL-12, despite the production of both of these cy-
tokines by the activated DCs (18). Furthermore, NKT cell
IFN-vy secretion was found to be at least partially dependent
upon CD1d expression and the presentation by CD1d of a
charged glycosphingolipid autologous Ag of undefined struc-
ture (18). The reasons for this discrepancy are not known but
could be due either to differences in DCs generation or to the
use of liver mononuclear cells as opposed to purified splenic
iINKT cells. In our studies, hFIt3L cultured DCs were used
whereas the previous study used 14-day cultured GM-CSF
DCs. As described below, hFlt3L-cultured DCs may more ap-

propriately model in vivo infection with virus.

MCMV-infected DCs activate INKT cells in vitro

The engagement of endosomally expressed TLR9 by CpG
ODN in DCs is a model for some of the early events leading to
innate immune activation following infection with a DNA vi-
rus. To test this, we evaluated the in vitro INKT cell response to
DCs infected with MCMYV. Infected hFIt3L DCs were cocul-
tured with purified INKT cells, and the supernatants were mea-
sured for cytokine production (Fig. 2, A and B). MCMYV infec-
tion induced rapid production of IFN-vy but not IL-4 (Fig. 24).
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FIGURE 2. Cytokine production by INKT cells in response to MCMV-in-
fected DCs. A, DCs were infected with MCMYV and cultured with sorted /NKT
cells before cytokine measurement by ELISA. B, Sorted INKT cells were cocul-
tured with MCMYV or mock-infected DCs from the indicated mouse strains or
DCs from CDId ™'~ or WT mice in the presence of an anti-CD1d-blocking
mAb. Cytokine production was measured by ELISA. Shown is a single exper-
iment of eight performed. Results show the mean of one experiment with three
replicate cultures of DCs measured in triplicate for ELISA. Error bars repesent

SEM (n = 9 for each set of DCs).

IFN-+y secretion required MCMYV infection, as uninfected DCs
(Fig. 2A4) or infection with a mouse-adapted strain of Dengue
virus (19) (data not shown) did not lead to IFN-y production.
MCMV-infected DCs from 7LR9’“? mutant mice or from
IL-12p40~"" mice also did not induce IFN-y production (Fig.
2B). By contrast, MCMV-infected, GM-CSF-cultured DCs
did not activate INKT cells (data not shown).

MCMYV has been shown to provoke innate immune re-
sponses that lead to IL-12 secretion and NK cell activation (9,
20). Our data suggest that the recognition of MCMV by TLR9
induces IL-12 production by DCs, leading to IFN-vy produc-
tion by INKT cells. Unlike in vitro stimulation with CpG-
ODN, however, optimal production of IFN-y by cocultures
with /NKT cells was dependent on the ability of the DCs to
produce IL-18 (Fig. 2B). In no case did the absence of CD1d
expression reduce the amount of IFN-y produced by NKT
cells to the levels observed with DCs deficient for TLR9 or IL-
12. In the experiment shown, IFN-vy release was reduced by
~30% when WT DCs were treated with an anti-CD1d mAb or
when mAb blockade was combined with the use of CDId ™/~
DCs (Fig. 2B). Comparing multiple experiments, the reduction
in IFN-y when CD1d was blocked or deleted, although vari-
able, was generally minor and in several experiments there was
little or no effect of inhibiting the interaction with CD1d (data
not shown).

MCMYV infection rapidly activates INKT cells in vivo

Upon Ag recognition or exposure to the combination of IL-12
and IL-18, /NKT cells rapidly become activated in vivo (21). As
early as 12 h postinfection with MCMYV, tetramer ™ INKT cells
showed increased surface expression of CD25 (Fig. 34). The
increased expression peaked by 12—18 h and rapidly declined by
36 h in both the liver and spleen (Fig. 3B). A similar temporal
expression profile was observed when CD69 expression was an-
alyzed (data not shown). This early activation of INKT cells
parallels very closely the induction kinetics of initial innate cy-
tokine production by stromal cells upon MCMYV infection
(13). Liver and spleen iINKT cells produced IFN-vy 36 h postin-
fection when analyzed directly ex vivo without restimulation

Liver Spleen 250 ]
& Liver
200 0 Spleen
S 150
& 100
S
50
CD25

o 12 18 24 36
Hours Post Infection

C Mock 36 h aGC2h MCMV 36 h
0.14 70.7

i

Z

=

CD1d Tetramer
D ock/aGC 12h 18h 24 h 36h
IFN-y

FIGURE 3. MCMYV infection activates liver INKT cells in vivo. A, WT
mice were infected with MCMYV i.p. and aGalCer/CD1d tetramer” iNKT
cells were analyzed for CD25 expression (open histograms) compared with PBS
injected controls (shaded histograms) at12 h. Data are representative of four
independent experiments on two or three mice per group. B, Time course of the
mean fluorescence intensity (MFI) of CD25 expression after infection. Time 0
is the average MFI of PBS-injected controls. Average MFI of INKT cells in one
of four independent experiments is shown. Error bars represent SEM ( = 3 for
each time point). C, At the indicated times, liver mononuclear cells were stained
for intracellular IFN-y and the data were gated for aGalCer («GC)/CD1d tet-
ramer" iNKT cells. Numbers represent the percentage of IFN-y" cells in the
INKT cell population. D, Time course of the MCMV-activated INKT cell
IFN-vy response. MFI values of intracellular IFN-y (open histograms) were
compared with those of isotype controls (shaded histograms). Far left panel rep-
resents the INKT cell response 2 h after i.p. injection of aGalCer. Results are
representative of three independent experiments of 3—5 mice per group.

(Fig. 3C and data not shown). No production of IL-4 or TNF
was observed. A previous study demonstrated that a
TCR*NKI1.1" population produced IFN-y at this time point
(8), but in the absence of tetramer staining these data could not
unequivocally show the activation of INKT cells. A time course
analysis revealed that INKT cells were capable of producing
IFN-vy as early as 24 h postinfection (Fig. 3D), a time preceding
the viral spread within infected organs. Therefore, similar to re-
sults in vitro, the activation of INKT cells post-MCMYV infec-
tion in vivo leads to early CD25 and CDG69 up-regulation, as
well as IFN-vy production somewhat later.

INKT cell responses o MCMYV infection require TLR9 and IL-12

Consistent with in vitro results, MCMV infection of 7LR9“?”
mice did not result in a marked activation of INKT cells to in-
crease CD25 expression at 18 h or to secrete IFN-y at 36 h after
infection (Fig. 4). Also similar to the in vitro results, /Z-
12])407/7 (Fig. 4) or IL-12RB2™"" mice (data not shown) did
not induce up-regulation of CD25 in /INKT cells shortly after
infection (18 h) or IFN-vy production at 36 h. IL-187"" mice
also had reduced CD25 expression, but IFN-vy production was
not reduced, suggesting that in vivo IL-18 may be dispensable
for the induction of INKT cell effector function in response

to MCMV.
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FIGURE 4. /NKT cell activation in vivo following MCMYV infection. 4,
CD25 expression on INKT cells from the indicated mouse strains 18 h postin-
fection with MCMYV (open histograms) compared with PBS controls (shaded
histograms). Histograms are representative plots of three independent experi-
ments of 3—8 mice per group. WT mice treated with a CD1d mAb (far right
panels in A and C) are also indicated. B, Mean CD25 mean fluorescence inten-
sity (MFI) of 3—8 mice per group 18 h postinfection with MCMYV from a min-
imum of three independent experiments. Statistically significant differences us-
ing the equal variance Student # test are indicated with an asterisk (*, p = 0.01)
comparing WT to either mutant strains or anti-CD1d mAb-treated mice. C,
IFN-vy production by INKT cells measured directly ex vivo 36 h postinfection
with MCMYV (open histograms) compared with isotype controls (shaded his-
tograms). Histograms are representative plots of a minimum of three indepen-
dent experiments of 3-8 mice per group. D, Average percentage of IFN-y"
INKT cells 36 h post- MCMYV infection. Values plotted are the mean of 3—8
mice per group from a minimum of three independent experiments. Error bars
represent SEM (n = 3-8 for each group). Statistically significant differences
using Student’s # test are indicated with an asterisk (¥, p = 0.01). E, Average
percentage of IFN-y™ iNKT cells 2 h after aGalCer injection in isotype control
or CD1d mAb treated mice. Values plotted are the mean of three mice per
group from two independent experiments.

To determine whether CD1d was required in vivo for viral
activation of INKT cells, WT mice were treated with a CD1d-
blocking mAb and infected with MCMV. As a control for the
efficacy of blocking, the mAb was administered to WT mice
that received the potent agonist aGalCer, and IFN-7y synthesis
by liver and splenic INKT cells was measured directly ex vivo
2 h later. Anti-CD1d-treated mice showed a 50% reduction in
iINKT cell IFN-y production (Fig. 4F). Treatment with the
CD1d-blocking mAb did not alter the induction of INKT cell
CD25 expression following MCMYV infection, however, and
although the treated mice trended lower for IFN-vy production,
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this decrease was not statistically significant (p = 0.063). Self-
Ags presented by CD1d during viral infection are likely to be
much less potent than aGalCer, and thus the response to these
Ags should be more effectively inhibited. Therefore, we con-
clude that CD1d-mediated Ag presentation is not likely to be a
key player in MCMV-induced activation of INKT cells in vivo.

Although /NKT cells are early responders to LPS, they are
not the first responders because they depend on IL-12 and
IL-18 produced by other cell types. Likewise, the kinetics of the
INKT cell response indicates that these cells also are not the first
responders to MCMYV infection. Previous work has shown that
the initial IFN-a3 response to i.p. infection with MCMYV peaks
at ~8 h postinfection in the spleen and is dependent upon B
cells expressing lymphotoxin that cross-talk with type I IFN-
producing stromal cells (13). A second wave of TLR-dependent
activation occurs at ~36 h postinfection in the spleen, shortly
after MCMV completes its first round of replication (13, 22).
Given the time course of increased activation marker expression
and IFN-vy production by INKT cells, we propose a two-stage
activation process, with the initial response to viral danger sig-
nals being sufficient to induce increased surface marker expres-
sion by INKT cells. However, a second TLR-dependent wave of
activation and cytokines may be necessary to induce the rela-
tively high levels of IFN-v secretion needed to detect cytokine
production by INKT cells directly ex vivo. This hypothesis is
consistent with data demonstrating that /NKT cells express
slightly increased CDG9 and CD25 expression in 7LRI’
mice 12 h postinfection, but this was reduced by 18 h, and we
were unable to detect INKT cell IFN-y production at later
times (Fig. 4 and data not shown).

There are multiple pathways for the foreign Ag-independent
activation of INKT cells, which requires, to varying extents, IL-
12,IL-18, and type I IFN, as well as CD1d presentation of self-
Ags. We speculate that the pathway used will depend on the
nature of the inciting stimulus and the type(s) of APCs. Our
findings indicate, however, that the mechanism of INKT cell
activation following MCMYV infection in vivo is similar to that
we observed with TLR9 ligands in vitro or with virus infection
in vitro using FIt3L DCs. The data suggest that the INKT cell
response to viral danger signals in vivo from MCMYV infection
is mediated by TLRY engagement leading to IL-12 production
and that this response is not highly dependent upon CD1d Ag
presentation. Clearly, this pathway, along with the others de-
scribed that do not depend on foreign Ag, endow innate-like
INKT cells with the ability to respond to diverse pathogens de-
spite a highly constricted TCR repertoire.
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