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CD1d-deficient mice have normal numbers of T lymphocytes and natural killer cells but lack Va14* natural
killer T cells. Respiratory syncytial virus (RSV) immunopathogenesis was evaluated in 129xC57BL/6,
C57BL/6, and BALB/c CD1d~'~ mice. CD8* T lymphocytes were reduced in CD1d ™/~ mice of all strains, as
shown by cell surface staining and major histocompatibility complex class I tetramer analysis, and resulted in
strain-specific alterations in illness, viral clearance, and gamma interferon (IFN-y) production. Transient
activation of NK T cells in CD1d*/* mice by a-GalCer resulted in reduced illness and delayed viral clearance.
These data suggest that early IFN-y production and efficient induction of CD8*-T-cell responses during
primary RSV infection require CD1d-dependent events. We also tested the ability of a-GalCer as an adjuvant
to modulate the type 2 immune responses induced by RSV glycoprotein G or formalin-inactivated RSV
immunization. However, immunized CD1-deficient or a-GalCer-treated wild-type mice did not exhibit dimin-
ished disease following RSV challenge. Rather, some disease parameters, including cytokine production,
eosinophilia, and viral clearance, were increased. These findings indicate that CD1d-dependent NK T cells play

a role in expansion of CD8* T cells and amplification of antiviral responses to RSV.

The CD1 proteins represent a distinct lineage of antigen-
presenting molecules that are evolutionarily related to the clas-
sical major histocompatibility complex (MHC) class I and class
II glycoproteins (64). These molecules have evolved to bind
lipids and glycolipids rather than peptides. The murine CD1d
molecule can bind glycosphingolipids and cellular phospholip-
ids (33, 43, 67). CD1d is required for the development of a
group of T cells, termed natural killer (NK) T cells, that ex-
press receptor structures of both conventional T cells and NK
cells (9, 56). NK T cells express intermediate levels of a semi-
invariant T-cell receptor (Val4-Ja281 paired with VB8.2, -7,
or -2), as well as NK cell receptors (members of the NKR-P1
and Ly49 families). These cells are found in the thymus, spleen,
liver, and bone marrow but are rare in lymph nodes. When
stimulated through their T-cell receptors, NK T cells quickly
produce a variety of cytokines, including the typical T helper
type 1 (Thl) cytokine gamma interferon (IFN-y) and the typ-
ical Th2 cytokine interleukin-4 (IL-4) (51, 86). It was therefore
proposed that NK T cells can modulate adaptive immune re-
sponses by establishing the early cytokine environment and
thereby affect disease pathogenesis (51, 86). The synthetic gly-
colipid a-galactosylceramide (a-GalCer) has been shown to
activate NK T cells to rapidly produce both IL-4 and IFN-y
(16, 46). NK T cells have been implicated in immune responses
against the lethal parasite Toxoplasma gondii (19), Listeria
monocytogenes (23, 24), malaria parasites (67), mycobacteria
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(5), Borrelia burgdorferi (49), encephalomyocarditis virus (25),
and murine cytomegalovirus (12). Additionally, activated NK
T cells have recently been shown to protect against autoim-
mune diabetes in nonobese diabetic mice (35).

Respiratory syncytial virus (RSV) is a negative-sense, single-
stranded RNA virus that causes seasonal epidemics of respi-
ratory infection (36). RSV is an important pathogen of early
childhood, resulting in >130,000 hospitalizations in the United
States each year (70). RSV infection normally results in upper
respiratory tract infection and mild to moderate illness. How-
ever, in children with underlying conditions such as prematu-
rity, congenital heart disease, and atopy, progression of infec-
tion to the lower respiratory tract often leads to severe disease
requiring hospitalization and mechanical ventilation. Severe
RSV disease is also associated with the occurrence of child-
hood asthma (54, 55). Recent studies have shown that RSV is
also an important pathogen in the elderly (21, 26) and in bone
marrow transplant patients, for whom infection is associated
with high mortality (83, 84). Thus, development of RSV vac-
cines and therapies is of high priority. However, vaccine de-
velopment has been hampered by a failed vaccine trial in which
children immunized with formalin-inactivated alum-precipi-
tated RSV (FI-RSV) were not protected against subsequent
natural RSV infection and, in fact, experienced more severe
disease than nonimmunized children (45, 47).

Animal models have shown that primary RSV infection in-
duces a response characterized by NK cells, CD8™ cytotoxic T
lymphocyte (CTL) activity, and IFN-y production, with very
low levels of IL-4, IL-5, and IL-13 (3, 8, 13, 27, 30, 31, 34,
38-40, 42, 58, 59, 62, 72, 73, 75, 77-79). In contrast, in mice
immunized with FI-RSV or with recombinant vaccinia virus
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expressing RSV attachment glycoprotein G, disease following
RSV challenge is more severe and is associated with produc-
tion of type 2 cytokines and pulmonary eosinophilia (30, 42, 58,
74). In this study we have examined the role of CD1d expres-
sion and antigen presentation in RSV pathogenesis using
CD1d-deficient mice and the NK T-cell ligand a-GalCer.

MATERIALS AND METHODS

Mice. CD1d™/~ mice were generated on a 129/SvxXC57BL/6 (129xB6) back-
ground by targeted gene disruption (56) and subsequently backcrossed onto
C57BL/6 (B6) and BALB/c backgrounds (six and nine backcrossings, respective-
ly). 129xB6 CD1d*/* mice were similarly maintained as controls. B6 and
BALB/c CD1d*/* controls were purchased from Harlan Sprague Dawley, Inc.
(Indianapolis, Ind.). All mice were housed in pathogen-free barrier cages and
cared for in accordance with the Guide for the Care and Use of Laboratory
Animals as previously described (32).

Virus and cell stocks. A stock of RSV (A2 strain) was generated in HEp2 cells
and stored at —70°C as described previously (32). A stock of FI-RSV was
prepared as previously described (30). Recombinant vaccinia virus expressing the
secreted form of RSV G (wGs), a gift of Gail Wertz (University of Alabama,
Birmingham), was grown and purified as previously described (42). Vaccinia
virus expressing B-galactosidase (vac-lac; a gift of Bernard Moss, National Insti-
tutes of Health) was used as a control. HEp-2 cells were maintained in Eagle’s
minimum essential medium (MEM) supplemented with 10% fetal calf serum and
antibiotics. All cell lines and viral stocks were determined to be free of myco-
plasma by PCR (American Type Culture Collection, Rockville, Md.).

RSV infection of mice and analysis of subsequent immune responses.
CD1d ™/~ and CD1d™* mice (8 to 10 weeks old) were anesthetized and intra-
nasally infected with 0.1 ml of supernatant containing 107 PFU of RSV as
described previously (32). Infected mice were weighed and graded for illness
following challenge as described previously (42). Six weeks after primary infec-
tion, mice were reinfected with 107 PFU of RSV. In immunization experiments,
BALB/c CD1d*/* and CD1d /"~ mice were immunized intradermally at the base
of the tail with 5 X 10° PFU (in 0.5 ml) of vaccinia virus. BALB/c CD1d*/* and
CD1d ™/~ mice were immunized with 107 PFU of FI-RSV (in 0.1 ml) intramus-
cularly. Six weeks after immunization mice were challenged intranasally with 0.1
ml containing 107 PFU of live RSV. The mice were weighed and scored for
illness for 7 days postinfection (p.i.).

(i) Viral titers. At the indicated times p.i., mice were sacrificed and lungs were
removed as previously described (42). Viral titers were measured by plaque assay
on HEp2 monolayers. Data are represented as the geometric mean log; (PFU/
gram) of lung tissue at the dilution producing more than five plaques per well.
The limit of detection is 1.5 log,,(PFU/g).

(ii) Cytokine production. Levels of IL-4, IL-5, IL-10, IL-13, IFN-vy, and eotaxin
in lung supernatants were quantitated by enzyme-linked immunosorbent assay
(R & D Systems, Minneapolis, Minn.).

(iii) BAL and eosinophil counting. Seven days after RSV challenge, mice were
cuthanized and a tracheotomy was performed. Bronchoalveolar lavage (BAL)
was performed by injecting 0.5 ml of 1% bovine serum albumin in phosphate-
buffered saline (PBS). The BAL cells were pelleted and resuspended in 0.1 ml of
PBS, and cytosmears were made. After air drying, the cells were differentially
stained with Diff-Quik (Fisher Scientific, Fair Lawn, N.J.). Percentages of co-
sinophils were determined by counting at least 300 differentially stained BAL
cells. Total BAL cell counts were determined by trypan blue exclusion.

Flow cytometric analysis of infiltrating cell populations. The kinetics of lym-
phocyte recruitment were examined by flow cytometry. Mice were sacrificed at
various times after primary RSV infection or RSV challenge. Lung tissue was
disrupted, and the cell suspension was overlaid on a 3-ml cushion of Fico-Lite
(Atlantic Biologics, Norcross, Ga.), and the mononuclear cell band was isolated
after centrifugation at 800 X g for 20 min. The cells were counted and standard-
ized to 107 cells/ml in 10% RPMI. For surface staining, 10° cells were stained
with 100 ng of fluorochrome-labeled antibodies to CD3, CD4, CDS8, NK1.1, or
DXS5 for 30 min at 4°C, fixed in 4% paraformaldehyde, and analyzed on a
FACSCaliber flow cytometer (Becton Dickinson, Mountain View, Calif.).
CD3—-NKI1.1* cells in 129XB6 and B6 mice and CD3-DX5™" cells were defined
as NK cells. All antibodies were purchased from PharMingen, Inc. (San Diego,
Calif.).

Quantitation of RSV-specific CD8* T lymphocytes. RSV-specific CD8* T
cells were quantitated by flow cytometric analysis of MHC tetramer-positive cells
as follows. BALB/c mice were euthanized after RSV infection, and mononuclear
cells were isolated as described above. H-2KY MHC class I tetramers loaded with
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the RSV M2 peptide, a defined CTL epitope (48), were prepared by John
Altman (Emory University, Atlanta, Ga.) as described previously (57). Cells
(10°) were incubated with phycoerythrin-conjugated M2-loaded tetramers, flu-
orescein isothiocyanate-conjugated anti-CD4, and Cy-chrome-conjugated anti-
CDS8, fixed, and analyzed. To verify specificity, the H-2K¢ tetramer was loaded
with a CTL epitope of influenza virus (50).

a-GalCer treatment. o-GalCer was synthesized by Kirin Brewery Company
(Takasaki-shi, Gunma, Japan) as previously described (46). Mice were injected
intraperitoneally with 2 pg (in 0.2 ml) of a-GalCer diluted in PBS (stock solu-
tion: 220 wg/ml in 0.5% polysorbate-0.9% NaCl) on days —1, 2, and 5 around
primary infection. Control mice were injected with 0.2 ml of similarly diluted
polysorbate vehicle. To test the adjuvant activity of a-GalCer, BALB/c CD1d*/*
mice were injected with 2 g (in 0.2 ml) of a-GalCer or 0.2 ml of polysorbate
vehicle on days —1, 2, 5, and 10 around vwGs and FI-RSV immunization.

RESULTS

Induction of RSV-specific CD8*-T-cell responses in
CD1d~’~ mice. NK T cells have been implicated in the disease
process of several pathogens (5, 19, 23-25, 49, 67). To deter-
mine if NK T cells contribute to RSV pathogenesis, CD1d*/*
and CD1d ™/~ mice were infected with live RSV. CD1d-defi-
cient mice were initially generated on the 129XB6 genetic
background. However, genetic drift may occur in this mixed
background since wild-type and transgenic colonies are main-
tained separately. Therefore, the CD1d-deficient mice were
backcrossed to B6 and BALB/c backgrounds while initial stud-
ies were performed in the 129XB6 mice.

Induction of an early NK cell response and subsequent gen-
eration of a virus-specific CD8* CTL response are required for
efficient clearance of RSV (2, 17, 29, 34). However, an exuber-
ant CD8" CTL response (producing IFN-y) has been shown to
result in severe RSV disease (17, 29, 77, 79), and interference
with CTL induction or function diminishes illness while delay-
ing viral clearance (17, 27, 29). Therefore, the kinetics of lym-
phocyte recruitment following RSV infection of CD1d*/* and
CD1d-deficient mice were examined by cell surface staining
and fluorescence-activated cell sorter (FACS) analysis. In all
strains, lymphocyte subsets infiltrated the lung with similar
kinetics, with infiltration of CD3" and CD4™" cells paralleling
that of CD8" T cells (Fig. 1). As previously described (39),
very few NK T cells were found in RSV-infected CD1d /" lung
tissue (data not shown), but a detectable NK cell response
occurred in all strains. In 129XB6 and BALB/c mice no sig-
nificant differences were observed between CD1d*/* and
CD1d™/~ mice (Fig. 1B). However, CD1d/~ B6 mice had
significantly more NK cells at day 4 than did CD1d™" B6
animals (Fig. 1B; P = 0.0002). These data suggest that genetic
factors in addition to CD1d contribute to NK cell activation in
response to RSV infection and that the impact of these factors
varies among mouse strains.

Most striking were the alterations in CD8"-T-cell recruit-
ment following RSV infection (Fig. 1A). Maximal CD8*-T-cell
infiltration occurred at days 7 to 8 p.i. However, in all three
strains of mice, fewer CD8™ T cells were present in CD1d ™/~
mice than in CD1d™" controls, although this difference was
statistically significant only at day 7 p.i. in B6 mice (P < 0.04
and P = 0.006 for 129XB6 and BALB/c mice, respectively, at
days 7 and 10 p.i. and P = 0.01 at day 7 for B6 mice). These
data demonstrate that CD1d-dependent cells contribute to the
activation, recruitment, and/or expansion of efficient CD8"-T-
cell responses following RSV infection. Furthermore, the data
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FIG. 1. CD8" T and NK cells in CD1d™/~ mice following RSV
infection. CD1d /" and CD1d /™ mice on 129xB6, B6, and BALB/c
genetic backgrounds were infected intranasally with 10" PFU of live
RSV. Recruitment of CD8 T cells (A) and NK cells (B) to the lung
was examined at the indicated time points after RSV infection by cell
surface staining and FACS analysis. The data are the means = stan-
dard errors of the means (SEMs); n = 8 for 129XB6 mice (three
experiments combined), n = 9 for B6 mice (two experiments com-
bined), and n = 18 for BALB/c mice (four experiments combined) for
each time point shown.

suggest that in some genetic backgrounds (such as B6 mice),
alternative immune responses such as NK cells play a more
significant role in the generation of RSV-specific immune re-
sponses to compensate for the immune deficiency resulting
from the constitutive loss of CD1d.

A single CD8" CTL epitope from the M2 matrix protein has
been defined in the mouse model of RSV infection and is
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TABLE 1. RSV titers following primary infection of CD1d™/~ mice
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RSV titer in“:
Strain Day p.i.

CD1d™/* mice CD1d™/~ mice

129XB6 4 4.68 = 0.97 472 £ 1.71
7 2.70 £ 1.33 472 +1.19*

B6 4 4.79 = 0.65 5.61 £0.38
7 3.92 = 0.98 4.86 + 1.40°

BALB/c 4 6.68 * 0.53 6.72 £ 0.48

7 2.79 £ 0.62 232 +0.71

“ Data are presented as means = SEMs of the log,o(PFU/gram of lung); n =
15 for 129XB6 mice (three experiments combined), n = 8 for B6 mice (two
experiments combined), and n = 18 for BALB/c mice (four experiments com-
bined).

b Statistically significant difference (P < 0.05 relative to CD1d*/* mice of the
same strain).

H-2K restricted (48). Using MHC class I tetramer staining we
demonstrated that reduced numbers of M2-specific T cells
were recruited to RSV-infected lungs in BALB/c CD1d ™/~
mice (Fig. 2A; P < 0.001 at days 7 and 10 p.i.). However, the
percentage of CD8" T cells that are M2 specific is similar
between CD1d*/* and CD1d '~ mice (Fig. 2B).

No significant changes were seen in CD4 " -T-cell numbers in
any strain of mice. Reflecting the decreases in CD8*-T-cell
activation or recruitment, significantly lower numbers of CD3™"
cells were found in the lungs of 129XB6, B6, and BALB/c mice
(data not shown).

Viral clearance is delayed in CD1d-deficient mice. In the
mouse model peak RSV replication occurs between days 3 and
5 after infection, and most of the virus is cleared by day 8 (32),
correlating with recruitment of RSV-specific CD8" CTL into
the infected lung. At 4 days p.i., there were no significant
differences in peak viral titers between CD1d™/* and CD1d ™/~
mice of any strain (Table 1). However, there was a significant
delay in RSV clearance from lungs of infected 129XB6 and B6
CD1d ™/~ mice, for which viral titers were significantly greater
than in CD1d """ mice of the same strain (P = 0.03 for 129XB6
and P = 0.02 for B6 mice). Yet in BALB/c mice virus clearance
occurred at similar rates in CD1d*/* and CD1d "/~ mice, with
no significant difference seen at any time p.i. Thus, the absence
of CD1d had strain-specific effects on the induction of antiviral
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FIG. 2. Induction of RSV-specific CD8*-T-cell responses. The specificity of CD8" T cells was examined by MHC tetramer staining using an
H-2K%restricted CTL epitope from RSV M2 at the indicated time points after infection of BALB/c CD1d""* and CD1d /" mice. The numbers
of CD8" T cells (A) and the percentage of M2-specific CD8" T cells (B) were examined. The data represent the means = SEMs for 18 mice from
four experiments for each time point.
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TABLE 2. IFN-y and IL-4 levels in the lung following primary
infection of CD1d /™ mice

Cytokine level (pg/ml) in“:

Straiq or Day p.i. P value?
cytokine P CD1d*"* mice CD1d ™/~ mice
129 X B6
IFN-vy 4 400.1 = 156.8 477.1 = 140.2 0.71
7 2,746.7 = 467.6  1,970.4 = 733.1 0.038
10 10.2 +10.2 1.6 1.6 0.049
IL-4 4 0.58 =+ 0.07 2.69 + 0.98 0.063
7 5.45 +1.20 14.63 = 4.75 0.09
10 3.40 = 1.62 1.75 = 0.31 0.42
B6
IFN-vy 4 16.0 £ 9.9 30.0 = 16.0 0.47
7 235.9 + 57.4 4151+ 1170 021
10 7.4 +28 58 +23 0.65
IL-4 4 0.49 =+ 0.14 8.36 = 1.08 0.005
7 5.03 = 1.87 9.50 = 3.24 0.27
10 6.33 +2.91 7.09 + 2.90 0.86
BALB/c
IFN-vy 4 507.3 = 90.2 778.7 £ 235.5 0.30
7 3,131.7 = 7767 1,177.6 £ 218.9  0.023
10 92.4 + 28.7 68.9 = 18.3 0.049
IL-4 4 5.77 + 2.13 824 +3.15 0.52
7 731 +2.84 12.90 = 3.54 0.23
10 13.17 = 6.98 977 +5.15 0.70

“ Data are presented as means = SEMs of cytokine; n = 13 for 129XB6 mice
(three experiments combined), n = 11 for B6 mice (two experiments combined),
and n = 21 for BALB/c mice (four experiments combined). The limit of detec-
tion is 25 pg/ml for IFN-y and 2 pg/ml for IL-4.

b P values compare CD1d*/* and CD1d™/~ mice. Values in bold indicate
statistically significant differences.

immune responses resulting in RSV clearance, and the clear-
ance of RSV was associated with the heightened NK cell ac-
tivity in the B6 strain of mice relative to the BALB/c genetic
background.

IFN-y and IL-4 production following primary RSV infec-
tion. CD8"* T lymphocytes and NK cells have dual roles in
antiviral immune responses, a direct role of cytolytic killing of
virally infected cells and an indirect role through production of
immunoregulatory cytokines such as IFN-y. Since the lack of
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CD1d expression resulted in decreased activation or recruit-
ment of CD8" T cells during primary RSV infection (Fig. 1),
we measured IL-4 and IFN-y concentrations to determine
whether cytokine production was also altered in CD1d-defi-
cient mice. Consistent with previous work (29, 30), primary
RSV infection of CD1d™" mice induced significant IFN-y
production but only very low levels of IL-4 in all strains (Table
2). IFN-y production parallels infiltration of CD8" T lympho-
cytes and peaks at day 7 to 8 p.i. In CD1d-deficient B6 mice
IFN-y production at day 7 p.i. was not significantly different
from levels in wild-type mice. However, in CD1d-deficient
129XB6 and BALB/c mice IFN-y production was significantly
decreased relative to CD1d™* mice of the same strain (P <
0.05). These data demonstrate that either NK T cells or other
CD1-dependent events are required to induce IFN-y produc-
tion after RSV infection. This lack of IFN-y may also contrib-
ute to the reduced efficiency of CD8"-T-cell activation in the
129XxB6 and BALB/c CD1d /™ mice. However, there are ad-
ditional genetic factors, potentially the increased NK cell pop-
ulation, which may compensate for the lack of CD1d expres-
sion and NK T cells, resulting in similar levels of IFN-y
production in B6 CD1d*'* and CD1d~’~ mice.

Illness following primary RSV infection of CD1d*/* and
CD1d ™/~ mice. lliness in RSV-infected mice results from im-
mune responses to the virus rather than from viral cytopatho-
genicity (17, 29, 77). Severe illness in RSV-infected mice may
be produced by either type 1 or type 2 T-cell responses. Ex-
cessive CD8™ T cells (29, 79) or exogenous IL-12 (38, 79, 80)
have been shown to exacerbate illness or attenuate type 2
CD47"-T-cell responses without alleviating illness in RSV-in-
fected mice. In contrast, induction of aberrant Th2 CD4" T
cells also increases disease severity (1, 29, 42, 75, 79, 82).
CD1d~’~ and CD1d*"* control mice were infected intrana-
sally with RSV and weighed daily (Fig. 3). Weight loss was
significantly reduced in the 129XB6 and BALB/c CD1d-defi-
cient mice (Fig. 3; P < 0.05 at days 5 to 11). These significant
differences may reflect the diminished CD8"-T-cell responses
that, for BALB/c mice, were shown to be RSV specific (Fig. 1
and 2). While weight loss was greater in CD1d-deficient B6
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FIG. 3. Illness during primary RSV infection of CD1d /™ mice. Mice were infected as for Fig. 1. The mice were then weighed and scored for
illness each day. Data are represented as the percentages of initial body weight at day 0; » = 13 for 129XB6 mice (three experiments combined),
n =9 for B6 mice (two experiments combined), and n = 21 for BALB/c mice (four experiments combined).
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FIG. 4. a-GalCer treatment of CD1d*/" mice during primary RSV infection. BALB/c mice were treated with a-GalCer during primary RSV
infection. a-GalCer treatment (and depletion of NK T cells) decreases illness (A), delays viral clearance (B), and increases cytokine production
(C) during RSV infection of BALB/c mice. Data are represented as the means = SEMs for 14 mice at each time point from three combined

experiments.

mice than in CD1"" B6 mice, these differences were not
significantly different (Fig. 3). Thus, the pathogenesis of pri-
mary RSV infection may be altered in CD1d ™/~ mice, but it is
additionally influenced by the genetic background of the mice.

a-GalCer treatment of CD1d /" mice during RSV infection.
The synthetic glycolipid a-GalCer binds CD1d and activates
Vald NK T cells to secrete IL-4 and IFN-y before resulting in
a transient depletion of NK T cells (15, 22, 46, 71). To deter-
mine if the altered disease profile in RSV-infected CD1d ™/~
mice was a result of the constitutive lack of CD1d antigen
presentation or due to the absence of NK T cells, BALB/c
CD1d ™" mice were treated with a-GalCer during RSV infec-
tion. a-GalCer treatment of CD1d*"* mice resulted in signif-
icantly less illness (Fig. 4A), significant delays in viral clearance
(Fig. 4B), and increased production of both IL-4 and IFN-y
(Fig. 4C). FACS analysis of lung lymphocytes showed that
a-GalCer-treated CD1d™" mice had significantly greater

numbers of CD8* T cells and NK cells at day 7 p.i. than
vehicle-treated mice (Fig. 5). The increased cytokine produc-
tion indicates activation of NK T cells by a-GalCer treatment,
with the higher levels of IFN-y resulting in greater recruitment
or expansion of NK and CD8" T cells in the RSV-infected
lung. The increased numbers of CD8" T cells in a-GalCer-
treated mice may seem inconsistent with the increased viral
titers at day 7. This apparent contradiction may be explained
by decreased CTL function due to the increased production of
IL-4 following a-GalCer treatment. Previous work has dem-
onstrated that increased IL-4 levels delay viral clearance (4, 6,
27, 69), which—under some conditions—is due to an altered
and less efficient mechanism of killing rather than to reduced
numbers of CD8" T cells (7). Consistent with decreased
CD8"-T-cell function, illness is decreased in a-GalCer-treated
CD1d*"* mice. These data demonstrate a significant role for
NK T-cell-produced cytokines in the induction of antiviral
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FIG. 5. Lymphocyte recruitment in a-GalCer-treated BALB/c CD1d*/* mice following primary RSV infection. Lung lymphocytes were
isolated at the indicated times p.i. and stained with anti-CDS8, anti-DX5 (NK cell marker), and M2-MHC class I tetramers. The data represent the
means = SEMs at each time point for 13 to 14 mice from three separate experiments.
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TABLE 3. RSV titers following challenge in a-GalCer-treated
CD1d"* mice and in CD1d /" mice immunized with
wGs or FI-RSV

RSV titer in“:

Priming Day p.i. CD1d*'* mice CD1d™/~ mice
group
Vehicle treated  «-GalCer treated ~ Vehicle treated
vac-lac 4 7.39 = 0.06 Not tested 7.29 = 0.03
7 2.70 £0.25 Not tested 2.01 + 0.22°
wGs 4 4.99 +0.39 6.16 = 0.19" 6.45 + 0.24°
7 2.02 £0.22 1.67 = 0.09 1.88 = 0.22
FI-RSV 4 1.98 + 0.20 4.69 = 0.15° 2.84 +0.47°
7 1.50 = 0.00 1.50 = 0.00 1.50 = 0.00

¢ Data are presented as means = SEMs of the log,o(PFU/gram of lung); n =
5. The limit of detection is 1.50 log,,(PFU/gram of lung).

b Statistically significant (P < 0.05 relative to vehicle-treated CD1d™/* mice of
the same priming group).

immune responses and suggest that it is the lack of NK T cells,
and not CD1d, which is responsible for altered RSV patho-
genesis in CD1d™/~ mice.

The contribution of NK T cells to disease in vvGs- and
FI-RSV-immunized mice. RSV challenge of mice immunized
with vwGs or FI-RSV results in the production of type 2 cyto-
kines and pulmonary eosinophilia (30, 41, 42, 78). We there-
fore hypothesized that the lack of NK T cells in CD1d-deficient
mice immunized with vwGs or FI-RSV would result in the
attenuation of these type 2 T-cell responses. BALB/c CD1d™/*
and CD1d /"~ mice were immunized with wGs or FI-RSV and
6 weeks later were challenged with live RSV. Illness was sim-
ilar between CD1d*'* and CD1d ™/~ mice (data not shown). In
contrast, in CD1d ™/~ mice peak RSV titers at day 4 p.i. were
significantly greater in both vvGs- and FI-RSV-immunized
mice (Table 3). This alteration in protective antiviral immune
responses is further underscored by the significant reduction in
vac-lac-primed CD1d /" mice at day 4. Despite significant
increases in peak viral titers in vwGs- and FI-RSV-immunized
CD1d ™/~ mice, viral clearance was not altered, as evidenced by
similar viral titers at day 7 postchallenge. Concentrations of
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TABLE 5. BAL eosinophilia in a-GalCer-treated vwwGs- or FI-RSV-
immunized mice following RSV challenge®

No. of eosinophils (10%) in®:

- T CD1d ™/~
Priming group CD1d mice mice
Vehicle a-GalCer Vehicle
vac-lac 1.49 £0.32 Not tested 0.75 = 0.13
wGs 12.63 = 3.11 10.70 = 2.76 17.41 = 2.96
FI-RSV 11.86 = 2.53 8.29 * 1.43 (0.015) 16.45 = 2.13

“ Mice were immunized with vac-lac, vwwGs, or FI-RSV and treated with a-Gal-
Cer or polysorbate vehicle. Six weeks later the mice were challenged with live
RSV, and 7 days later BAL was performed. BAL cells were differentially stained
and counted, and the numbers of eosinophils were calculated.

® Data are presented as means = SEMs. Numbers in parentheses are statis-
tically significant P values (relative to vehicle-treated CD1d™/* mice).

type 1 and type 2 cytokines in the lung were measured by
enzyme-linked immunosorbent assay. While some modest in-
creases were observed in cytokine production (Table 4), par-
ticularly in FI-RSV-immunized mice, these changes were gen-
erally not statistically significant. These data correlate with
eosinophil recruitment where CD1d-deficient mice have in-
creased numbers of eosinophils in the BAL compartment fol-
lowing RSV challenge, although the differences were not sta-
tistically significant in either vwGs- or FI-RSV-immunized mice
relative to vehicle-treated CD1d*'* mice (Table 5).

Data reported above (Fig. 4) demonstrate that a-GalCer
treatment during primary RSV infection decreases illness and
increases IFN-y production, suggesting the potential use of
a-GalCer as an adjuvant during RSV immunization. To fur-
ther characterize the ability of cytokine production by acti-
vated NK T cells to influence the differentiation of RSV-spe-
cific immune responses, mice were treated with a-GalCer
during vwGs or FI-RSV immunization and then challenged
with RSV. While there was a 2-day delay in the onset of illness
in vwGs- and FI-RSV-primed mice treated with a-GalCer rel-
ative to that in vehicle-treated mice, no significant difference
was observed in peak illness (data not shown). As with CD1d-

TABLE 4. Cytokine levels in the lungs of a-GalCer-treated vwGs- or FI-RSV-immunized mice following RSV challenge

Cytokine level (pg/ml) in“:

Priming

Cytokine CD1d*/* mice CD1d ™/~ mice
group
Vehicle a-GalCer Vehicle

wGs 1L-4 29.6 £ 2.7 19.6 = 2.2 (0.02) 16.8 = 2.5 (0.009)

IL-5 70.9 £ 23.3 86.8 = 15.9 1059 = 17.3

1L-10 12.6 = 2.6 56.6 = 20.3 48.5 +26.7

1L-13 493.0 = 104.2 4457 = 61.6 372.5 = 40.7

IFN-vy 761.6 = 332.8 1,687.7 = 512.4 1,608.9 = 187.3

Eotaxin 753.9 =929 741.9 = 58.21 860.6 = 96.2
FI-RSV 1L-4 18.3 = 0.9 293 +42 204 1.3

IL-5 76.3 £ 18.7 138.8 = 33.5 278.6 = 89.2

1L-10 75.1 £36.8 128.6 = 30.3 26.9 = 14.2

1L-13 361.2 =329 672.2 = 119.9 483.0 = 32.1 (0.03)

IFN-y 1,041.5 = 161.5 284.8 + 112.1 (0.006) 690.2 = 129.7

Eotaxin 869.4 = 81.4 1,165.9 = 196.4 1,387.3 = 183.5 (0.04)

“ Cytokines were measured in day 4 lung supernatants. Data are presented as means = SEMs of cytokine for five mice. The limit of detection is 2 pg/ml for 1L-4,
IL-5, and IL-10 assays and 25 pg/ml for IL-13, IFN-vy, and eotaxin assays. Numbers in parentheses indicate statistical significance (P values relative to vehicle-treated

CD1d** mice).
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deficient mice, a-GalCer treatment of CD1d™/" mice during
vwGs or FI-RSV immunization resulted in higher peak virus
titers after RSV challenge (Table 3), although viral titers at day
7 were similar. Lung cytokine levels were also minimally in-
creased by a-GalCer treatment during immunization, although
the differences were generally not significant (Table 4). The
number of eosinophils recruited to the BAL following RSV
challenge was reduced (Table 5), with statistically significant
differences attained in FI-RSV-immunized mice (P = 0.015,
comparing vehicle- and a-GalCer-treated FI-RSV-immunized
mice). This may reflect the increased IFN-y production by NK
T cells since it has been demonstrated that IFN-y reduces
pulmonary eosinophilia in RSV G-primed mice (74).

DISCUSSION

Disease in RSV-infected mice results from a complex inter-
action of immune responses in which illness can be increased
by an exaggerated type 2 CD4"-T-cell response, by excess
numbers of CD8" T cells, or by increased levels of type 1
CD4" T cells. Much work has focused on the severe disease
observed in mice immunized with FI-RSV or RSV G and
challenged with live RSV. In these mice disease is clearly
associated with the induction of aberrant type 2 CD4™ T cells
that produce significant levels of IL-4, IL-5, and IL-13 and that
result in pulmonary eosinophilia (1, 29, 30, 41, 42, 78, 79, 82).
This disease profile is cytokine dependent in that inhibition of
type 2 cytokine activity modulates the illness (41, 77). How-
ever, to say that Th2 CD4" T cells are “bad” responses and
IFN-y-producing CD8" T cells are “good” responses is an
oversimplification. In fact, transfer experiments have shown
that excessive RSV-specific CD8" T cells in combination with
RSV infection can enhance illness (17, 29, 79) and inhibition of
CD8" CTL is associated with a reduction of RSV-induced
disease (75, 79). In addition, use of exogenous IL-12 can at-
tenuate type 2 responses without altering illness (38, 79, 80).
Thus, CD8" T cells are required for efficient clearance of
RSV, but the price to pay for clearing virus is some degree of
illness. Therefore, identification of the additional immune me-
diators involved in the induction of CD8" CTL and dissection
of the roles of these mediators in T-cell maturation may allow
the development of antiviral agents that promote efficient
CD8" CTL responses with minimal disease consequences.
Therefore, the role of NK T cells in RSV pathogenesis was
examined. In this paper we demonstrate that NK T cells con-
tribute to the efficient induction of CD8"-T-cell immune re-
sponses against RSV and that in the absence of NK T-cell
activation, early IFN-y production may be reduced, resulting in
diminished activation, recruitment, or expansion of RSV-spe-
cific CD8" T cells and delayed virus clearance.

Our studies also demonstrate that, in the appropriate ge-
netic background, redundant and compensatory antiviral
mechanisms may develop in CD1d-deficient mice. This is not
surprising because NK cell responses to tumors (85) and stres-
sors (52, 68) vary between mouse strains. NK cells are an
important element in the early immune response to viral in-
fections, including RSV infection (2, 10, 14, 31, 34, 39, 81), and
may account for the strain-dependent differences in viral clear-
ance observed in RSV-infected mice of various strains (unpub-
lished data). Primary functions of NK cells at the site of virus
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infection include both direct cytotoxic killing of infected cells
(10, 39) and secretion of cytokines that subsequently serve to
activate other components of the immune response (2, 28, 39,
53, 66).

In primary RSV infection NK cells have been shown to
infiltrate the lung early in infection, with peak cytolytic activity
detected at day 3 p.i. (2, 34). Depletion of asialo GM™* NK cells
resulted in prolonged shedding of RSV from infected mice,
demonstrating a crucial role for NK cells—directly or indirect-
ly—in efficient RSV clearance (34). Subsequent work by Hus-
sell and Openshaw showed that NK cells are the predominant
population present at day 4 p.i. and that recruitment of these
IFN-y-secreting cells precedes activation and recruitment of
CD8™" T cells (39). NK cell-produced type 1 and 2 interferons
play critical roles in generation of antiviral immune responses
(66) with IL-12 (18, 20) and IL-18 (63) differentially required
for interferon production. IFN-o/f and IFN-y may be differ-
entially expressed by both NK cells and T cells during the
course of viral infection (60). STAT-1 signaling through the
IFN-a/B receptor is a critical immunoregulatory event in this
process (60). Similarly, IFN-o/B and IFN-y produced by NK T
cells activated by a single injection of a-GalCer inhibit hepa-
titis B virus replication (44). Thus, cells of the innate response
(such as NK and NK T cells) are vital to the development of
adaptive immune responses during viral infection and clearly
set the pattern (11) for adaptive immune responses. As the
pathogenesis of multiple viruses is dissected in detail, it is
becoming evident that elaborate and cooperative networks
function to generate immune responses that may protect
against or enhance disease. This cascade of events has been
described for antiviral NK and NK T-cell responses in that it
appears that NK T cells are activated early in viral infections
(12, 25, 44) and the resulting cytokine production (particularly
IFN-y) then functions to activate NK cells that act either
directly or indirectly to control viral infections. This amplifica-
tion of NK and NK T cell responses subsequently serves to
direct the development of T-cell responses (11, 76).

In this report we examined the immune responses to RSV
infection in CD1d-deficient mice in three different genetic
backgrounds. Depending upon the strain of mouse, the ab-
sence of NK T cells also resulted in delayed viral clearance and
decreased IFN-y production. These data demonstrate a role
for NK T cells in the induction of CD8"-T-cell responses in
that activation of the local NK T cells (since RSV does not
result in a systemic infection) contributes to the activation,
expansion, or recruitment of CD8" T cells. To examine the
role of NK T-cell activation and cytokine production in the
generation of these responses, CD1d™/* mice were treated
with a-GalCer around the time of RSV infection. While a-Gal-
Cer treatment did result in increased production of IFN-y and
increased numbers of CD8" T cells infiltrating the lung, viral
clearance was delayed. This may be due to the increased IL-4
levels, which have been shown to decrease CTL activity (4, 6,
27, 69) and can alter the mechanism of CTL killing to a less-
efficient Fas-mediated pathway (7). The recent publication by
Rutigliano et al. demonstrates that decreased viral clearance
occurs in RSV-infected perforin-deficient mice despite in-
creased numbers of CD8" T cells and increased levels of
IFN-y (65). Thus, activation of NK T cells, and the concomi-
tant production of IFN-vy, during RSV infection may result in
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amplification of CD8"-T-cell responses at the level of expan-
sion and recruitment.

It has been reported that a-GalCer treatment activates NK
T cells, resulting in increased IFN-y and IL-4 production and
increased CTL killing against tumor cell lines (61). Our data
confirm increased cytokine production following a-GalCer ac-
tivation of NK T cells in vivo and extend the earlier findings to
demonstrate that numbers of antigen-specific CD8" T cells are
increased. While Nishimura et al. (61) observed enhanced CTL
killing of tumors, we found reduced CTL killing activity, as
evidenced by delayed viral clearance. One possible explanation
for this apparent discrepancy is that in the studies of Nishimura
et al. (61), a-GalCer-treated lymphocytes were cultured for 2
days in vitro in the presence of IL-2 and IL-12, resulting in
enhanced CTL activity. This in vitro culture system may re-
verse the inhibitory effects of the in vivo IL-4 production we
demonstrate here, which in our in vivo measure of cytotoxic
function by viral clearance is delayed by a-GalCer treatment.
Additionally, the differences in timing of a-GalCer adminis-
tration may account for this discrepancy. While Nishimura et
al. administered a-GalCer at a single time point, mice were
given multiple injections of a-GalCer in our studies. During
the performance of our studies, it was demonstrated that mul-
tiple injections of a-GalCer may predispose mice to the induc-
tion of IL-4-producing type 2 T cells (71). Thus, in our model
system, activation of NK T cells contributes to the amplifica-
tion of protective antiviral CD8*-T-cell responses during pri-
mary RSV infection.

The role of NK T cells in the generation of CD8"-T-cell
responses is also evident in vwGs- and FI-RSV-immunized
CD1d-deficient mice or a-GalCer-treated CD1d """ mice in
which peak viral titers were increased. Thus, NK T cells also
play a role in the amplification and generation of memory T
cells that protect against RSV. It has been shown that IFN-y
production from CD8" T cells or NK cells regulates pulmo-
nary eosinophilia in RSV G-immunized mice (37, 39, 74, 75).
Thus, activation of NK T cells (and concomitant IFN-y pro-
duction) by a-GalCer treatment during vwwGs or FI-RSV im-
munization might be predicted to modulate differentiation of
the RSV-specific type 2 T cells to a more type 1-like pheno-
type. However, this is not the case. The systemic NK T-cell
activation following a-GalCer treatment of vwGs-primed mice
did not reduce Th2 cytokine or eotaxin production nor did it
inhibit pulmonary eosinophilia. Similarly, in FI-RSV-immu-
nized mice significant induction of type 2 T-cell responses is
evident, although greater increases in IL-5 and IL-13 responses
were observed, potentially reflecting the IL-4 dependence of
FI-RSV-induced responses, while RSV G-induced responses
are IL-4 independent (41). Thus, while not directly shown,
these results suggest that during induction of RSV-specific
immune responses, NK T cells function as a means of ampli-
fying the inherent immune responses to the RSV antigens
rather than as a means influencing the differentiation to a type
1 or type 2 T-cell response.

In summary, our findings demonstrate that NK T cells con-
tribute to the efficient induction of CD8*-T-cell responses and
other antiviral immune responses to RSV and that, in the
absence of NK T-cell activation, early IFN-y production may
be reduced, resulting in diminished RSV-specific CD8*-T-cell
expansion and delayed viral clearance. These data are consis-
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tent with the established mouse model of RSV infection which
demonstrates that CD8" CTL are important for clearance of
virus but are also responsible for immunopathology and dis-
ease. Our findings also demonstrate that, in the appropriate
genetic background, compensatory mechanisms are present
that diminish the importance of NK T cells in antiviral re-
sponses. In the setting of RSV immunization and challenge, we
demonstrate that NK T cells amplify the intrinsic immune
responses to RSV rather than serving a major role in selective
T-cell differentiation. Furthermore, despite the ability of
a-GalCer treatment to reduce illness in primary RSV infec-
tion, this intervention at immunization decreases protection
without alleviating illness, arguing against the use of a-GalCer
as an adjuvant in any RSV vaccine product. Nevertheless, as
we learn more about the CD1d antigen presentation pathway,
additional reagents may become available that will permit the
selective activation of certain NK T-cell functions. Such re-
agents may be valuable as therapeutics and/or adjuvants.
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