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Inoculation with the neurotropic JHM strain of mouse hepatitis virus (JHMV) into the central nervous
system (CNS) of mice results in an acute encephalitis associated with an immune-mediated demyelinating
disease. During acute disease, infiltrating CD8� T cells secrete gamma interferon (IFN-�) that controls
replication in oligodendrocytes, while infected astrocytes and microglia are susceptible to perforin-mediated
lysis. The present study was undertaken to reveal the functional contributions of the activating NKG2D
receptor in host defense and disease following JHMV infection. NKG2D ligands RAE-1, MULT1, and H60 were
expressed within the CNS following JHMV infection. The immunophenotyping of infiltrating cells revealed that
NKG2D was expressed on �90% of infiltrating CD8� T cells during acute and chronic disease. Blocking
NKG2D following JHMV infection resulted in increased mortality that correlated with increased viral titers
within the CNS. Anti-NKG2D treatment did not alter T-cell infiltration into the CNS or the generation of
virus-specific CD8� T cells, and the expression of IFN-� was not affected. However, cytotoxic T-lymphocyte
(CTL) activity was dependent on NKG2D expression, because anti-NKG2D treatment resulted in a dramatic
reduction in lytic activity by virus-specific CD8� T cells. Blocking NKG2D during chronic disease did not affect
either T-cell or macrophage infiltration or the severity of demyelination, indicating that NKG2D does not
contribute to virus-induced demyelination. These findings demonstrate a functional role for NKG2D in host
defense during acute viral encephalitis by selectively enhancing CTL activity by infiltrating virus-specific CD8�

T cells.

Viral infection of the central nervous system (CNS) presents
unique challenges to the immune system with regard to con-
trolling and eliminating the invading pathogen. These obsta-
cles include the presence of a blood-brain barrier that provides
a physical and physiological barrier that is difficult for cells and
molecules to cross, the absence of classic lymphatic drainage
that may impair the generation of an adaptive immune re-
sponse, and the relative absence of major histocompatibility
complex (MHC) class I or II expression on resident cells (3, 26,
39, 73). In addition, the CNS is composed of a variety of highly
specialized cells, many of which have limited renewal capacity,
that represent potential targets of infection by numerous dif-
ferent viruses (34, 81). Therefore, a significant hurdle encoun-
tered by infiltrating antigen-specific lymphocytes is the elimi-
nation of virus from infected cells while limiting the damage
that may have long-term detrimental consequences to the host.
Critical to this is the cellular tropism of the virus, as this is
important in dictating the effector response by infiltrating lym-
phocytes. For example, neuronotropic viruses often are elimi-
nated by noncytolytic mechanisms via cytokine-mediated con-
trol and/or neutralizing antibodies, whereas the infection of
other cell populations can evoke cytolytic mechanisms for con-

trol (17, 33, 45, 53, 75, 78, 87, 91). Therefore, characterizing the
mechanisms involved in regulating the interaction between
immune cells and virus-infected targets is critical for under-
standing how viral infection of the CNS is controlled and
eventually cleared.

The inoculation of mouse hepatitis virus (MHV; a positive-
strand RNA virus that is a member of the Coronaviridae fam-
ily), neurotropic strain JHM (JHMV), into the CNS of suscep-
tible strains of mice provides an excellent model in which to
examine host response mechanisms responsible for the control
of viral replication within distinct cell lineages present in the
brain (6). JHMV infection results in an acute encephalomyeli-
tis characterized by wide-spread replication in astrocytes, mi-
croglia, and oligodendrocytes, with relatively few neurons be-
ing infected (10, 44, 69, 71). In addition, infection is associated
with an orchestrated release of cytokines and chemokines that
results in the inflammation and recruitment of inflammatory
cells (47, 55, 68–70, 85, 90, 93). The control of viral replication
during acute disease is primarily due to virus-specific CD8� T
cells, which function by two different effector mechanisms
within the CNS: gamma interferon (IFN-�) secretion is re-
sponsible for controlling viral replication in oligodendrocytes,
whereas a perforin-dependent mechanism promotes viral
clearance from astrocytes and microglia (53, 69). Infiltrating
CD4� T cells provide a supporting role for the maintenance
and expansion of cytotoxic T-lymphocytes (CTLs) within the
CNS as well as enhancing effector responses (80). Although a
robust cell-mediated immune response occurs during acute
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disease, sterilizing immunity is not achieved, resulting in viral
persistence (82). Factors contributing to this include oligoden-
drocytes becoming a predominant viral reservoir as well as
substantial variation in viral RNA sequences (1, 29, 44). Virus-
specific CD8� T cells are retained within the CNS of persis-
tently infected mice, and although lytic activity is muted, these
cells retain the capacity to secrete IFN-�, which affects viral
replication in oligodendrocytes (5, 32, 61, 69). Ultimately, vi-
rus-specific antibody is critical in suppressing viral recrudes-
cence and leads to the eventual clearance of virus from the
CNS (52). Histological features associated with viral persis-
tence include the development of an immune-mediated demy-
elinating disease that is similar to the human demyelinating
disease multiple sclerosis, with both T cells and macrophages
being important in amplifying disease severity by contributing
to myelin damage (16, 71).

Although elegant work previously has been performed with
regard to evaluating the functional role of CD8� T cells and
viral replication within the CNS of JHMV-infected mice (7, 62,
80, 83), it is likely that additional signaling molecules associ-
ated with CD8� T cells also contribute to the control of viral
replication. NKG2D is a type II transmembrane glycoprotein
that is expressed as a disulfide-linked homodimer on the sur-
face of NK cells, CD8� T cells, and �� T cells in mice (20, 41).
In some situations, NKG2D functions as a costimulatory re-
ceptor for CD8� T cells following an encounter with cells
expressing NKG2D ligands, resulting in enhanced effector
functions and cell proliferation (35, 41, 60, 64, 74). For exam-
ple, antiviral effector responses by some human cytomegalovi-
rus antigen-specific CD8� T clones characterized by cytokine
bursts are amplified when cultured with viral peptide-pulsed
cells expressing the human NKG2D ligand MICA (35). Treat-
ment of lymphocytic choriomeningitis virus-specific CD8� T
cells with an NKG2D-activating antibody augmented prolifer-
ation compared to that of cells treated with control antibody,
indicating that NKG2D receptor signaling on CD8� T cells
offers protection against virus-induced disease (41). Ex vivo
anti-NKG2D treatment of Mycobacterium tuberculosis antigen-
specific CD8� T cells resulted in decreased IFN-� secretion
and CTL activity when cultured with bacterial peptide-stimu-
lated macrophages compared to treatment with an isotype-
matched control antibody, suggesting that NKG2D receptor
signaling on CD8� T cells affects the outcome of disease (74).
Finally, blocking NKG2D receptor signaling in mice persis-
tently infected with JHMV results in diminished immune-me-
diated pathology, suggesting that IFN-� production from �� T
cells is impaired (18). These studies highlight the potential
protective role of NKG2D in host defense following microbial
infection by evoking a range of responses in a variety of im-
mune cells.

In this study, the functional role of NKG2D receptor signal-
ing on T cells and NK cells during both acute and chronic
virus-induced neurological disease was examined. Following
JHMV infection of susceptible mice, mRNA transcripts spe-
cific for the NKG2D ligands H60, MULT1, and RAE-1 were
expressed within the CNS, and the majority of infiltrating NK
cells and CD8� T cells expressed the NKG2D receptor. Block-
ing NKG2D receptor signaling in JHMV-infected SCID mice
(lacking T and B cells, but functional NK cells are intact) did
not affect survival or the viral burden within the brain, indicat-

ing that NKG2D does not enhance antiviral effector responses
by infiltrating NK cells. However, anti-NKG2D treatment of
JHMV-infected BALB/c mice resulted in increased mortality
and increased viral burden within the brain. Indeed, treatment
with NKG2D neutralizing antibody resulted in diminished
CTL activity by virus-specific CD8� T cells, yet IFN-� expres-
sion was not affected, indicating that blocking NKG2D selec-
tively affects antiviral effector function in response to acute
viral infection of the CNS. The administration of anti-NKG2D
antibody to persistently infected mice did not result in viral
recrudescence, modulate IFN-� levels, or influence the severity
of demyelination, indicating that NKG2D receptor signaling
does not influence chronic disease. Therefore, the findings
presented highlight an important role for NKG2D in CD8�

T-cell antiviral immunity during acute infection of the CNS by
enhancing cytolytic activity.

MATERIALS AND METHODS

Mice and reagents. BALB/c mice and SCID mice on the BALB/c background
(H-2d) were purchased from the National Cancer Institute. Mice were anesthe-
tized by intraperitoneal (i.p.) injection of a 120- to 150-�l mixture of ketamine
hydrochloride (Ketaject; 100 �g/ml; Phoenix, St. Joseph, MO) and xylazine
hydrochloride (1.1 mg/ml; ICN Biomedical, Aurora, OH) in Hanks’ balanced salt
solution (HBSS). Anesthetized mice were injected intracranially (i.c.) with
15,000 PFU of JHMV (strain V2.2-1) suspended in 30 �l of sterile HBSS.
Sham-infected animals were injected with 30 �l of sterile HBSS alone. Mice were
sacrificed at defined time points, and brains were removed for the determination
of virus titers on a susceptible astrocytoma cell line (DBT) (40, 48). The animal
protocols used for these studies were reviewed and approved by the institutional
animal care review board. The immortalized mouse macrophage cell line
J774A.1 (H-2d haplotype) was purchased from the ATCC. The production of
CX5 (rat anti-mouse NKG2D) monoclonal antibody (MAb) was performed as
previously described (65). Saturated ammonium sulfate precipitation was per-
formed to purify immunoglobulin G (IgG) from the ascites fluid. Small-molec-
ular-weight proteins were removed by dialysis, and the antibody concentration
was determined by using a rat IgG antibody-specific enzyme-linked immunosor-
bent assay (ELISA).

Anti-NKG2D treatment of mice. JHMV-infected BALB/c immunocompetent
and SCID mice were treated i.p. with 100 �g of anti-NKG2D MAb CX5 or rat
IgG control antibody (Sigma-Aldrich, St. Louis, MO) suspended in 300 �l of 1�
HBSS (Mediatech Inc., Herndon, VA) 2 days before infection and 5 and 10 days
postinfection (p.i.) for innate and acute studies. Antibody for chronic studies was
administered i.p. on days 19, 24, and 29 p.i. at the same concentration as that
used for the innate and acute studies. Following a single injection of anti-
NKG2D CX5 MAb, antibody can be detected up to 2 weeks postinjection, with
reduced NKG2D receptor expression on NK cells lasting for at least 7 days (42,
57, 63, 64, and L. L. Lanier, unpublished observations).

Quantitative real-time PCR. Total RNA was extracted from homogenized
brain and spinal cord samples by using TRIzol reagent (Invitrogen, Carlsbad,
CA), DNase-treated, and purified by phenol-chloroform extraction. RNA was
reverse transcribed by using a Moloney murine leukemia virus kit (Invitrogen,
Carlsbad, CA) and random hexamers (Promega, Madison, WI). Quantitative
(real-time) PCR was performed by using a Bio-Rad (Hercules, CA) iCycler
instrument according to the manufacturer’s instructions. Real-time PCR analysis
for IFN-� was performed by using previously described primers for IFN-� and
hypoxanthine phosphoribosyltransferase (65, 66). The cycling conditions used for
quantitative PCR were the following: 95°C for 4 min, followed by 40 cycles at
95°C for 30 s, 58°C for 30 s, and 72°C for 30 s. Primers were tested for specificity
and efficiency. Real-time PCR analysis for NKG2D ligand transcripts was per-
formed by using previously described primers and probes (37, 64, 65). Probes
were purchased from Integrated DNA Technologies (Coralville, IA), and prim-
ers were purchased from Invitrogen (Carlsbad, CA). Bio-Rad (Hercules, CA) iQ
Supermix was used for the reactions. The cycling conditions used for the deter-
mination of NKG2D ligand mRNA expression by quantitative PCR were the
following: 95°C for 4 min, followed by 40 cycles at 95°C for 30 s and at 58°C for
30 s. Data were analyzed by using the Bio-Rad (Hercules, CA) iCycler iQ version
3.0a software. Samples were normalized to hypoxanthine phosphoribosyltrans-
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ferase mRNA expression. Data were quantified by using the relative expression
software tool, version 2 (72).

Mononuclear cell isolation and flow cytometry. The immunophenotyping of
the cellular infiltrate present within brains of infected mice was accomplished by
homogenizing isolated tissue and generating a single-cell suspension for analysis
by flow cytometry, as previously described (48). Fc receptors were blocked by
using a concentration of 2.5 �g/ml of anti-mouse CD16/CD32 MAb 2.4G2 (BD
Pharmingen, San Diego, CA) in staining buffer (1� phosphate-buffered saline
[PBS], 0.1 g/liter bovine serum albumin). The following antibodies were used for
immunophenotyping: fluorescein isothiocyanate (FITC)-conjugated rat anti-
B220 (BD Pharmingen, San Diego, CA) for B cells; FITC-conjugated rat anti-7/4
(AbD Serotec, Raleigh, NC) for granulocytes; FITC-, phycoerythrin (PE)-, or
allophycocyanin (APC)-conjugated rat anti-mouse CD8� for CD8� T cells (BD
Pharmingen, San Diego, CA); FITC- or APC-conjugated rat anti-mouse CD4
(BD Pharmingen, San Diego, CA) for CD4� T cells; APC-conjugated rat anti-
mouse CD49b MAb DX5 (Miltenyi Biotec, Bergisch Gladbach, Germany); PE-
or FITC-conjugated hamster anti-mouse CD3ε (BD Pharmingen, San Diego,
CA) for NK cells (DX5�, CD3ε�); and APC-conjugated rat anti-mouse CD45
(eBioscience, San Diego, CA) and FITC-conjugated rat anti-F480 (AbD Serotec,
Raleigh, NC) for macrophages and microglia. PE- or APC-conjugated rat anti-
mouse NKG2D (CX5; eBioscience, San Diego, CA) was used to analyze NKG2D
expression on different cell types. PE-conjugated rat anti-mouse I-A/I-E (BD
Pharmingen, San Diego, CA) was used in conjunction with APC-conjugated rat
anti-mouse CD45 (eBioscience, San Diego, CA) to determine the MHC class II
expression on microglia. Virus-specific CD8� T-cell infiltration within brain was
determined by flow cytometry by using H2-Ld–N318 tetramers comprising the
dominant viral nucleocapsid protein spanning amino acids 318 to 326 for mice on
the BALB/c background (4, 61). For NKG2D ligand expression on J774A.1 cells,
PE-conjugated rat anti-mouse H60 and panspecific RAE-1 (R&D Systems, Min-
neapolis, MN) were used. As controls, isotype-matched APC- and PE-conju-
gated MAbs were used. Cells were incubated with MAbs for 30 min at 4°C and
washed. NKG2D receptor surface expression was determined by incubating cells
with a biotin-conjugated NKG2D-specific antibody, MI-6 (41) (which recognizes
a different epitope than the CX5 anti-NKG2D MAb used for the in vivo mod-
ulation of the receptor; eBioscience, San Diego, CA), at 2.5 �g/ml for 30 min at
4°C. Cells were washed and incubated with PE-conjugated streptavidin
(eBioscience, San Diego, CA) at 2 �g/ml for 30 min at 4°C. Samples were
analyzed on a FACStar (BD Biosciences, Mountain View, CA). Data are pre-
sented as the percentage and total number of positive cells within the gated
population.

Intracellular cytokine staining. Single-cell suspensions were obtained from the
brains of infected mice at day 7 p.i. Intracellular staining for IFN-� was per-
formed by stimulating cells for 6 h in medium supplemented with GolgiStop (BD
Pharmingen, San Diego, CA) with the CD8� T-cell immunodominant peptide
N318-326 at a concentration of 5 nM (4). Intracellular IFN-� was detected by
using PE-conjugated rat anti-mouse IFN-� (XMG1.2; BD Pharmingen, San
Diego, CA) for 30 min at 4°C (31).

CD8� T-cell cytotoxicity assay. Brains from mice infected with JHMV and
treated with either rat IgG or anti-NKG2D were removed and homogenized, and
infiltrating cells were purified by using Percoll gradients as described previously
(48, 56, 90). In order to obtain a sufficient number of antigen-specific CD8� T
cells for the assay, brains from each treatment group were pooled. J774A.1 cells
were pulsed with either the immunodominant CD8� T-cell epitope for mice on
the BALB/c background (H-2d), N318-326 (4), or a nonantigenic ovalbumin
(OVA) peptide at a concentration of 5 nM for 1.5 to 2 h at 37°C in 5% CO2.
Peptide-pulsed J774A.1 cells were washed and then plated at a concentration of
10,000 cells per well. Lymphocytes from total brain isolates from both groups
were cocultured with the peptide-pulsed J774A.1 cells in the presence of 10
�g/ml of rat IgG or anti-NKG2D. The final volume of well cocultures was 100 �l
of RPMI 1640 supplemented with 10% fetal bovine serum (FBS). Cocultures
were incubated for 4 h at 37°C in 5% CO2. The amounts of lactate dehydroge-
nase released from lysed cells were determined by using a CytoTox 96 nonra-
dioactive cytotoxicity assay (Promega, Madison, WI). The percentage of lysis was
determined as specified by the manufacturer’s protocols. The percentage of lysis
of OVA peptide-pulsed cocultures was subtracted from the percentage of lysis of
N318-326-pulsed cocultures to eliminate background CTL activity.

IFN-� secretion assay. Total brain isolates from mice infected with JHMV and
treated with either rat IgG or anti-NKG2D were cultured in 200 �l RPMI-1640
supplemented with 10% FBS, L-glutamine, penicillin-streptomycin, and 10 �g/ml
of the corresponding antibody. Viral peptide N318-326 or control OVA peptide
was added to the cultures to a final concentration of 5 nM and incubated at 37°C
for 48 h in 5% CO2. Supernatants were removed and clarified by centrifugation.

ELISA. For whole-tissue ELISA, brains were removed and homogenized in
PBS supplemented with Complete Mini, EDTA-free protease inhibitor cocktail
(two tablets per 14 ml of PBS) (Roche, Mannheim, Germany). Supernatants
were clarified by centrifugation. Sample supernatants from the cytokine secretion
assay were clarified by centrifugation and used for ELISA. ELISAs were per-
formed by using the Duoset mouse IFN-� ELISA kit (R&D Systems, Minneap-
olis, MN), as specified by the manufacturer, to determine the levels of IFN-�.

CNS pathology. Spinal cords were removed at days 27 and 32 p.i., and sections
(8 �m) were stained with luxol fast blue (LFB) and analyzed by light microscopy.
Demyelination was scored as follows: 0, no demyelination; 1, mild inflammation
accompanied by the loss of myelin integrity; 2, moderate inflammation with
increasing myelin damage; 3, numerous inflammatory lesions accompanied by a
significant increase in myelin stripping; and 4, intense areas of inflammation
accompanied by numerous phagocytic cells engulfing myelin debris (48). Slides
containing stained spinal cord sections were blinded and scored by three inves-
tigators, and scores were averaged and are presented as averages 	 standard
errors of the means (SEM). The distribution of viral antigen was determined by
immunoperoxidase staining (Vectastain-ABC kit; Vector Laboratories, Burlin-
game, CA) using the anti-JHMV MAb J.3.3 specific for the carboxyl terminus of
the viral nucleocapsid protein as a primary antibody and horse anti-mouse IgG
as the secondary antibody (Vector Laboratories, Burlingame, CA) (7, 28, 90).
The data presented represent a minimum of six spinal cord sections per mouse
with no fewer than three mice per time point.

Statistical analysis. Statistically significant differences between groups of mice
were determined by t tests using Sigma-Stat 2.0 software (Jandel, Chicago, IL),
and P values of 
0.05 were considered significant. The statistical analysis for
survival studies was performed by using the log-rank test, in which a P value of
0.05 or less was considered significant (2, 49).

RESULTS

NKG2D receptor and ligands are expressed in response to
JHMV infection of the CNS. BALB/c mice were infected i.c.
with JHMV, and viral titers within the brains were determined
at days 3, 5, 7, and 12 p.i. As shown in Fig. 1A, the highest viral
titers from the time points measured occurred at day 3 p.i., but
they ultimately declined by day 12 p.i. as a result of the infil-
tration of virus-specific T cells. Transcripts specific for the
NKG2D ligands H60, MULT1, and RAE-1 were up-regulated
in the brains of infected mice compared to levels in sham-
infected mice at days 3, 5, 7, and 12 p.i., as determined by
quantitative real-time PCR (Fig. 1B). The immunophenotyp-
ing of cells for the NKG2D receptor expression determined
that 90% of infiltrating NK cells (DX5�, CD3� cells) were
NKG2D positive at day 3 p.i. (Fig. 2A). While the overall
numbers of NK cells within the brain decreased by day 7 p.i.,
�80% of NK cells remained NKG2D positive (Fig. 2A). Very
few NK cells were present within the CNS of mice at day
12 p.i., and NKG2D expression was not determined at this time
point. Fewer than 20% of CD4� T cells present within the
CNS expressed NKG2D at any time point examined (Fig. 2B).
At day 3 p.i., only �20% of infiltrating CD8� T cells were
NKG2D positive (Fig. 2C), but by day 7 p.i., the number of
CD8� T cells within the CNS of infected mice increased dra-
matically, with �90% expressing the NKG2D receptor (Fig.
2C). The numbers of CD8� T cells within the CNS declined by
day 12 p.i., and this correlated with the reduction in viral
burden (Fig. 1A); however, the frequency of NKG2D-positive
CD8� T cells remained high, with �95% of N318-326 MHC
class I tetramer-reactive CD8� T cells expressing NKG2D
(Fig. 2C and D). Taken together, these data demonstrate that
NKG2D ligands are expressed in the brain following JHMV
infection, and infiltrating NK cells and CD8� T cells represent
the predominant NKG2D-positive populations of immune
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cells examined that infiltrate into the CNS, suggesting a role
for NKG2D in host defense following JHMV infection.

NKG2D receptor signaling does not affect survival in
JHMV-infected SCID mice. We next determined if NKG2D
receptor signaling on NK cells was important in controlling
viral infection within the CNS. JHMV infection of SCID mice,
mice that are deficient in functional T and B cells while main-
taining functional NK cells, resulted in the expression of H60,
MULT1, and RAE-1 transcripts in the CNS on days 3 and 5 p.i.
(Fig. 3A). Treatment with an anti-NKG2D neutralizing anti-
body did not affect survival or viral titers within the CNS
compared to the survival and viral titers of infected mice
treated with a control antibody (Fig. 3B and C). These data
support earlier studies indicating that NKG2D receptor signal-
ing on NK cells does not enhance innate immune responses
following JHMV infection of the CNS (90a).

Blocking NKG2D increases mortality following JHMV in-
fection of BALB/c mice. CD8� T cells are the main effector
cells responsible for controlling the replication and spread of
JHMV following the infection of the CNS (83, 92). Infiltrating
virus-specific CD8� T cells present within the brains of JHMV-
infected mice expressed NKG2D, suggesting a potential role in
antiviral responses. Infected BALB/c mice were treated with
anti-NKG2D or a control antibody to determine if NKG2D
receptor signaling on CD8� T cells has a functional role in host
defense. NKG2D neutralization resulted in a significant de-
crease (P � 0.05) in survival between days 10 and 12 p.i.
compared to the levels of survival after control rat IgG treat-
ment (Fig. 4A). An analysis of the viral burden within the brain
at days 3 and 7 p.i. revealed that anti-NKG2D treatment did
not alter the amount of infectious virus detected within the
CNS compared to that of mice treated with rat IgG (Fig. 4B).
However, by day 11 p.i., mice treated with anti-NKG2D neu-
tralizing antibody exhibited a diminished (P � 0.005) ability to
reduce viral titers within the brain, indicating that antiviral
T-cell responses might be impaired (Fig. 4B). The immuno-
phenotyping of cell infiltrates in the brain following infection
was performed to determine if NKG2D neutralization altered
immune cell infiltration. NK cell infiltration was not affected by
anti-NKG2D treatment at days 3 and 7 p.i. (Fig. 4C). However,

a small but significant decrease (P � 0.05) in the numbers of
NK cells was observed at 12 days p.i. in the CNS of anti-
NKG2D-treated mice compared to that of rat IgG-treated
mice (Fig. 4C). Macrophage infiltration was diminished within
the CNS of anti-NKG2D-treated mice at day 3 p.i., yet there
were no differences between treatment groups between days 7
and 12 p.i. (Fig. 4D). Similarly, there were no detectable dif-
ferences in CD4� and CD8� T-cell infiltration levels between
treatment groups at any time point assayed (Fig. 4E and F).
Finally, NKG2D neutralization did not affect the infiltration of
virus-specific CD8� T cells at day 7 p.i. as determined by
intracellular IFN-� staining (Fig. 4G) and N318-326 MHC
class I tetramer staining (Fig. 4H). Rigorous analysis previ-
ously confirmed that CX5 treatment does not deplete
NKG2D-bearing NK cells or T cells in vivo (42, 43, 63, 64).
Therefore, these findings establish that NKG2D is important
for protection from JHMV-induced CNS disease and is inde-
pendent of immune cell infiltration, suggesting that antiviral
T-cell responses are muted.

IFN-� expression during acute disease is not dependent on
NKG2D. Previous studies have shown that blocking NKG2D
receptor signaling diminishes IFN-� secretion by T cells (9, 69,
74). Given that IFN-� is important in the control of JHMV
replication within the CNS and in host survival, it is plausible
that anti-NKG2D treatment of JHMV-infected mice affects
IFN-� secretion by infiltrating T cells (69). MHC class II ex-
pression on microglia following MHV infection requires IFN-�
expression; therefore, the amount of MHC class II expressed
by microglia can be used to determine the amounts of IFN-�
secretion within the CNS (7). Microglia from anti-NKG2D-
and control-treated mice at day 7 p.i. revealed similar fluores-
cence intensities of MHC class II staining (Fig. 5A). In addi-
tion, the number of MHC class II� microglia was similar
between treatment groups on days 3, 7, and 12 p.i. (Fig. 5B). In
parallel, there was no significant difference in IFN-� protein
levels within the brains at days 3, 7, and 12 p.i. in mice treated
with rat IgG or anti-NKG2D (Fig. 5C). Total cells were iso-
lated and enriched from the brains of rat IgG- or anti-NKG2D-
treated mice at day 7 p.i. and cultured in the presence of the
immunodominant CD8� T-cell epitope N318-326 or a nonspe-

FIG. 1. NKG2D ligands and the receptor are expressed following JHMV infection. (A) Viral titers within the brains of BALB/c mice infected
i.c. with JHMV. Titers within the brains of individual mice are represented by circles, and the average titer for each time point is indicated by the
dark line. Data presented are representative of two separate experiments. The sensitivity of the titer assay is �100 PFU/g tissue. (B) Transcripts
specific for NKG2D ligands were up-regulated compared to levels for sham-infected mice at all time points assayed, as determined by quantitative
real-time PCR. Data presented are representative of two separate experiments with a minimum of three mice for each time point.
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cific OVA peptide as a control, and IFN-� production was
determined after 48 h. As shown in Fig. 5D, blocking NKG2D
receptor signaling did not affect the secretion of IFN-� by
virus-specific CD8� T cells compared to that of cells treated
with control antibody. OVA peptide stimulation resulted in

low-level IFN-� production by both treatment groups com-
pared to that of cultures containing the N318-326 peptide.
Therefore, these findings indicate that NKG2D receptor sig-
naling does not influence IFN-� secretion within the CNS by
virus-specific CD8� T cells in response to JHMV infection.

FIG. 2. NKG2D expression on cells infiltrating into the CNS of JHMV-infected mice. BALB/c mice were infected i.c. with JHMV, and NKG2D
expression on infiltrating cells was determined at select times p.i. NK cells (A), CD4� T cells (B), and CD8� T cells (C) were found to express
various levels of NKG2D at different times p.i. with virus. Representative histograms (left graphs in panels A to C) are from individual mice at
day 7 p.i. For histograms in panels A to C, the shaded area represents isotype-matched control antibody staining and clear areas represent staining
with the indicated antibody. In addition, both the overall numbers (gray bars; left y axis) and frequency (black diamonds; right y axis) of
NKG2D-positive cells at defined times p.i. are provided (right graphs, panels A to C). (D) NKG2D expression on N318-326 epitope virus-specific
CD8� T cells (determined by tetramer staining) also was defined, with �95% of cells at day 12 p.i. expressing NKG2D. Flow cytometric data shown
are from a representative experiment of two independent experiments with no fewer than three mice per time point. Data are presented as averages
	 SEM.
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NKG2D neutralization reduces CD8� CTL activity. We next
determined if blocking NKG2D affected CD8� T-cell lytic
activity. The target cells selected were of the J774A.1 cell line
that expresses the NKG2D ligand RAE-1 (Fig. 6A) but low
levels of H60. BALB/c mice were infected i.c. with JHMV and
treated with either anti-NKG2D or control antibody. Infiltrat-
ing cells were isolated and enriched from the CNS at day 7 p.i.
and incubated with J774A.1 cells pulsed with either the CD8�

T-cell epitope N318-326 or an OVA peptide as a control in the
presence of either anti-NKG2D or rat IgG. CTL activity was
significantly reduced (P � 0.05) in cells from mice treated with
anti-NKG2D and cultured in anti-NKG2D compared to that of
cells from mice treated with control antibody and cultured in
control antibody (Fig. 6B). The analysis of OVA peptide-
pulsed target cells resulted in only limited lytic activity at all
effector:target ratios tested compared to that of target cells
pulsed with the CD8� T-cell immunodominant MHV peptide.
Binding of the anti-NKG2D antibody to NKG2D results in
receptor internalization, suggesting that the expression of
NKG2D on activated virus-specific T cells is required for op-
timal CTL activity (57, 64, 65). Therefore, to determine if the
reemergence of NKG2D results in the recovery of CTL func-
tion, immune cells isolated from the CNS from mice treated

with either anti-NKG2D or control IgG were cultured with
N318-326-pulsed J774A.1 cells in the presence of either anti-
body. As shown in Fig. 6C, cells isolated from the brains of
anti-NKG2D-treated mice and incubated with anti-NKG2D
resulted in muted CTL activity compared to that of cells iso-
lated from mice treated with rat IgG and incubated with rat
IgG. However, CTL activity was partially restored in cells iso-
lated from anti-NKG2D-treated mice that were cultured with
rat IgG (Fig. 6C), and this correlated with the return in ex-
pression of NKG2D on the surface of CD8� T cells (Fig. 6D).
Lysis of OVA peptide-pulsed target cells was included to dem-
onstrate background CTL activity (Fig. 6C). These data indi-
cate that the expression of NKG2D is required for optimal lytic
activity by virus-specific CD8� T cells.

Blocking NKG2D does not affect the severity of demyelina-
tion. Transcripts for the NKG2D ligands H60, MULT1, and
RAE-1 were detected within the spinal cords of mice persis-
tently infected with JHMV (Fig. 7A). The numbers of
NKG2D-positive CD8� T cells within the spinal cords of
JHMV-infected mice gradually declined from day 12 through
day 35 p.i., although �90% of CD8� T cells remained NKG2D
positive (Fig. 7B). The presence of the NKG2D receptor on
lymphocytes and NKG2D ligands in the CNS during MHV-

FIG. 3. NKG2D neutralization in JHMV-infected SCID mice does not affect survival. (A) Quantitative real-time PCR of brain mRNA
demonstrated that levels of transcripts for NKG2D ligands are increased in SCID mice compared to those of sham-infected mice at days 3 and
5 p.i. (B) Treatment of SCID mice with anti-NKG2D did not affect host survival compared to that of mice treated with control antibody. Data are
presented as averages from two independent experiments with no fewer than six mice per group. (C) Levels of viral recovery from the brains of
mice treated with anti-NKG2D or rat IgG were equivalent at all time points assayed. The viral burden is presented from a representative
experiment of two independent experiments with three mice per group per time point. Circles represent individual mice, while bars represent the
averages of the treatment group.
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induced chronic demyelinating disease raises the question of
whether these molecules contribute to the pathogenesis of
chronic disease. In order to test this, mice were infected with
JHMV, and NKG2D-blocking antibodies were administered
beginning at day 19, which represents a time at which demy-
elinating lesions are present within persistently infected mice
(56). Treatment with anti-NKG2D did not modulate the infil-

tration of either CD4� or CD8� T cells or macrophages (Fig.
7C), and it did not affect the infiltration of virus-specific CD8�

T cells as determined by intracellular IFN-� staining (Fig. 7D).
Anti-NKG2D treatment did not affect IFN-� mRNA expres-
sion within the spinal cord compared to that of control-treated
mice at day 29 p.i. (Fig. 7E). Furthermore, there were no
differences with either viral antigen (Fig. 8A and B) or in the

FIG. 4. Anti-NKG2D treatment in immunocompetent BALB/c mice reduces host survival and antiviral activity. (A) NKG2D neutralization
significantly (*, P � 0.05) decreased survival, with only �65% of mice surviving at day 12 p.i. In contrast, �95% of mice treated with control
antibody survived to day 12 p.i. Data are presented as averages from seven independent experiments with no fewer than four mice per group.
(B) Analysis of viral titers from the brains of infected mice treated with either rat IgG or anti-NKG2D revealed no significant differences at days
3 and 7 p.i. However, blocking NKG2D resulted in greater (*, P � 0.005) viral burden within the brain at day 11 p.i. than that of control-treated
mice. The viral burden is presented from a representative experiment of two independent experiments with no fewer than three mice per group
per time point. Circles represent individual mice; bars represent group averages. (C) Immunophenotyping of cellular infiltrates revealed that NK
cell infiltration was unaffected by NKG2D neutralization at days 3 and 7 p.i. compared to that of rat IgG treatment. At day 12 p.i., there was a
significant decrease (*, P � 0.05) in the number of NK cells present within the brain. (D) Macrophage infiltration was significantly reduced (*,
P � 0.05) in anti-NKG2D-treated mice at day 3 p.i. but was similar to that of control-treated mice at days 7 and 12 p.i. Analysis of T-cell infiltration
determined that numbers of CD4� (E) and CD8� (F) T cells are equivalent in mice treated with either rat IgG or anti-NKG2D. (G) Intracellular
IFN-� staining in response to N318-326 peptide revealed that the infiltration of virus-specific CD8� T cells was unaffected by NKG2D
neutralization compared to that of control-treated mice. (H) N318-326 MHC class I tetramer staining at day 7 p.i. also demonstrated that
anti-NKG2D treatment does not affect virus-specific CD8� T-cell infiltration into the CNS. Cell infiltration data shown in panels C to H are
representative of two independent experiments with a minimum of five mice per group. Data are presented as averages 	 SEM.
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severity of demyelination (Fig. 8C and D) between mice
treated with anti-NKG2D and those treated with control anti-
body. These findings indicate that NKG2D receptor signaling
does not contribute to chronic JHMV-induced demyelinating
disease in immunocompetent mice.

DISCUSSION

The present study demonstrates a role for NKG2D in host
defense following viral infection of the CNS. Transcripts for
NKG2D ligands are expressed within the brains of JHMV-
infected mice, and infiltrating inflammatory cells, specifically
CD8� T cells and NK cells, express the NKG2D receptor.
NKG2D neutralization in infected SCID mice resulted in lev-
els of survival and viral burden similar to those of control-
treated mice, demonstrating that NKG2D receptor signaling
on NK cells does not affect the outcome of disease in the
absence of an adaptive immune response. In contrast, NKG2D
neutralization during acute disease in immunocompetent
BALB/c mice resulted in enhanced mortality and an increased
viral burden that was independent of immune cell infiltration
into the CNS or IFN-� secretion. Specifically, our findings

suggest that anti-NKG2D treatment selectively diminished
CD8� T-cell CTL activity, indicating that NKG2D receptor
signaling specifically amplifies this arm of the effector response
and is important for protection during acute disease following
JHMV infection of the CNS.

The inoculation of the CNS of immunodeficient mice with
JHMV resulted in elevated levels of transcripts specific for
NKG2D ligands as early as day 3 p.i. Similarly, NKG2D tran-
scripts were present within the brains of JHMV-infected
BALB/c mice at comparatively higher levels than those of
infected SCID mice. These findings suggest that resident glial
cells are capable of expressing ligands and that infiltrating
leukocytes also express ligands. We know neither the cellular
sources for transcripts within JHMV-infected SCID or
BALB/c mice nor the molecular mechanisms associated with
the induction of transcript expression. Previous studies have
highlighted the importance of Toll-like receptor (TLR) signal-
ing in NKG2D ligand induction (24, 35, 95). JHMV infection
of the CNS does result in elevated levels of transcripts for
several TLRs, including TLR-3 and TLR-6 (T. E. Lane, un-
published observations); therefore, it is possible that TLR sig-
naling enhances NKG2D ligand expression within the CNS in

FIG. 5. NKG2D receptor signaling does not affect IFN-� secretion in immunocompetent BALB/c mice. IFN-� secretion within the brain was
determined by MHC class II expression on microglia. (A) The fluorescence intensity of MHC class II on the surface of microglia was similar
between rat IgG- and anti-NKG2D-treated mice at day 7 p.i., as demonstrated by a representative histogram. (B) Quantification of the mean
fluorescence intensity (MFI) revealed that the level of MHC class II on microglia was similar at days 3, 7, and 12 p.i. in mice treated with either
anti-NKG2D or control antibody. MHC class II expression data are representative of two independent experiments with no fewer than five mice
per group. (C) IFN-� protein amounts were reduced in the brains of anti-NKG2D-treated mice compared to those of rat IgG-treated mice at day
7 p.i.; however, the difference was not significant. There was no difference in the amounts of IFN-� protein present in the brain at days 3 and 12 p.i.
between treatment groups. Data presented are representative of two separate experiments, with each experiment using a minimum of four mice
per time point. Data are presented as averages 	 SEM. (D) Anti-NKG2D treatment of total brain isolates obtained at day 7 p.i. and pulsed with
CD8� T-cell epitope N318-326 resulted in increased IFN-� secretion, but the difference was not significant compared to that of mice treated with
rat IgG. Cells incubated with nonspecific OVA peptide are included to illustrate background levels of IFN-� expression under the experimental
conditions used. Data presented are representative of two separate experiments with three mice per experimental condition, and results are
presented as averages 	 SEM.
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response to JHMV infection. Moreover, recent reports indi-
cate that viral infection of both cultured cells and mice results
in the increased expression of NKG2D ligands within infected
cells, indicating that viral infection is sufficient to trigger ligand
expression (24, 27). In addition, it is possible that infiltrating
leukocytes express NKG2D ligands and/or that cytokines re-
leased from activated cells enhance ligand expression on resi-
dent glial cells.

The importance of NKG2D receptor signaling on NK cells
has been demonstrated in many tumor and pathogen models
(11, 13, 15, 20, 21, 38, 46, 50, 57, 58, 84). The interaction
between the NKG2D receptor and specific ligands results in
enhanced effector functions by NK cells, including the secre-
tion of IFN-� and cytotoxic activity that augments the killing of
NKG2D ligand-bearing target cells (14, 15, 20, 21, 57). More-
over, a previously unappreciated role for NKG2D and its li-
gands in nonclassical NK T-cell-mediated immune responses
has been revealed by using a transgenic mouse model of hu-
man hepatitis B infection (89). In addition, NKG2D-mediated
interactions between NK cells and professional antigen-pre-
senting cells have been shown to lead to stronger priming of

antigen-specific CD8� T-cell responses by increasing interleu-
kin-12 (IL-12) production from dendritic cells containing an
antigen from Toxoplasma gondii lysate (36). Treatment of T.
gondii-infected mice with anti-NKG2D antibody impaired the
development of antigen-specific CD8� T cells, which led to a
reduced ability to clear parasites from infected tissues. We do
not believe that NKG2D is functioning in a similar manner in
our model system of virus-induced neurological disease. We
have recently determined that in vivo blocking of IL-12 neither
impairs the generation of virus-specific T cells nor mutes an-
tiviral effector function leading to increased viral burden within
the brain (K. S. Held, W. G. Glass, Y. I. Orlovsky, K. A.
Shamberger, T. D. Petly, P. J. Branigan, M. R. Cunningham,
J. M. Benson, and T. E. Lane, unpublished data). In addition,
recent studies have emphasized that NK cells do not play a
prominent role in defense against JHMV infection of the CNS
(86, 96). Finally, we observed no differences in the frequencies
or overall numbers of virus-specific CD8� T cells within the
brains of infected mice treated with either anti-NKG2D or
control antibody, indicating that blocking NKG2D does not
limit the development of an effective CD8� T-cell response.

FIG. 6. NKG2D neutralization diminishes CD8� T-cell CTL activity. (A) J774A.1 target cells pulsed with N318-326 peptide express RAE-1 on
the cell surface. (B) JHMV-infected mice treated with rat IgG or anti-NKG2D were sacrificed at day 7 p.i., and the CTL activity of CD8� T cells
was determined by using N318-326 peptide-pulsed J774A.1 cells as targets. Cocultures of total cell isolates and target cells were incubated in the
presence of rat IgG or anti-NKG2D. Anti-NKG2D treatment (circles) resulted in reduced (*, P � 0.05) CD8� T-cell CTL activity compared to
that of rat IgG-treated mice (squares). (C) Removal of anti-NKG2D (diamonds) partially restored CTL activity after 4 h, and this correlated with
(D) the return of NKG2D expression on CD8� T cells as demonstrated by using an antibody specific for NKG2D but recognizing a different
epitope (MI-6) than that recognized by the antibody (CX5) used for neutralization. The percentage of lysis of OVA peptide-pulsed target cells
(triangles in panels B and C) is included to demonstrate the background levels of CTL activity. Data presented are the averages from three
independent experiments using a minimum of seven mice from each experimental group for analysis.

VOL. 82, 2008 NKG2D RECEPTOR SIGNALING AND CTL ACTIVITY 3039



Therefore, we conclude that NKG2D-mediated protection
from virus-induced CNS disease is not dependent upon an NK
cell-mediated pathway.

More important in the control of JHMV replication within
the CNS is the infiltration of CD8� T cells (6). Upon infection,
virus-specific CD8� T cells are primed within the draining
cervical lymph nodes, and migration back into the CNS is aided
by using specific chemokine receptors responding to chemo-
kine ligands secreted from within the CNS (54, 55, 62, 85).
During priming, naı̈ve CD8� T cells require T-cell receptor
(TCR) engagement to MHC molecules presenting antigenic
peptide and secondary costimulatory signals, such as CD28
ligation by members of the B7 family, in order to expand and

differentiate into CTLs (88). Importantly, the costimulation of
antigen-primed CTLs is not required for the release of effector
molecules, but it can enhance effector functions (25, 51, 60). T
cells express numerous receptors that act in controlling cellular
responses through recognition and binding to specific ligands
(88). Under the majority of circumstances, professional anti-
gen-presenting cells express many of the ligands for these co-
stimulatory molecules; however, inflammation also can induce
the expression of additional ligands that enhance cytokine se-
cretion and lytic activity following recognition by antigen-spe-
cific CD8� T cells (8, 12, 23, 30, 67, 77). Numerous reports
have suggested that NKG2D acts as a costimulatory molecule
on both mouse and human CD8� T cells (22, 35, 41, 59, 60).

FIG. 7. NKG2D ligands and receptor are expressed in the spinal cords of mice persistently infected with JHMV. (A) Real-time PCR analysis
revealed that levels of mRNA transcripts for NKG2D ligands were increased compared to those of sham-infected mice within the spinal cords of
mice chronically infected at days 21 and 29 p.i. A minimum of three mice per time point was used for analysis. (B) Greater than 90% of CD8�

T cells (black diamonds; right y axis) retained in the spinal cords of infected mice expressed NKG2D on days 12, 21, and 35 p.i. The number of
NKG2D� CD8� T cells (gray bars; left y axis) was greatest at day 12 p.i. and decreased at days 21 and 35 p.i. (C) Treatment with anti-NKG2D
did not alter the infiltration of T cells or macrophages on day 29 p.i. (D) Anti-NKG2D treatment did not reduce the total number of virus-specific
CD8� T cells on day 32 p.i. as determined by intracellular IFN-� staining following pulsing with N318-326 peptide, and (E) there were no
differences in the overall IFN-� transcript levels as determined by quantitative real-time PCR analysis on day 29 p.i. Data are presented as the
averages 	 SEM. Data are representative of two independent experiments with a minimum of three mice per time point.
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Indeed, studies examining the costimulation of TCR trans-
genic CTLs through either NKG2D–RAE-1 or CD28-B7 in-
teraction revealed that responses occur regardless of the sig-
naling pathway utilized (60). The engagement of NKG2D
resulted in enhanced CTL expansion, IFN-� secretion, and
CTL activity, suggesting that NKG2D is a costimulatory mol-
ecule sharing functional similarities with CD28 (60). These
findings differ from those of Ehrlich et al. (25), in which a
rigorous analysis indicated that NKG2D expression on mouse
CD8� T cells acts as a costimulatory molecule only under
restricted conditions or requires additional cofactors. The ex-
perimental conditions and model systems employed may ex-
plain the differences between these results.

Our findings suggest that blocking NKG2D during acute
disease in JHMV-infected mice emphasizes a role for this
molecule in host defense. What is interesting is that anti-
NKG2D treatment selectively compromised CTL effector
functions, while IFN-� secretion remained intact. It is unclear
whether one mechanism contributing to this differential re-
sponse of CTL-mediated killing relates to the restricted ex-
pression of NKG2D ligands on CTL-sensitive populations. For
example, NKG2D ligands may be expressed by astrocytes and

microglia that are sensitive to CTL-mediated lysis, whereas
NKG2D ligand expression may be absent on oligodendrocytes,
thus rendering these cells resistant to CTL-mediated killing
(32, 69). The proliferation of antigen-specific CD8� T cells was
not affected following anti-NKG2D treatment, because there
were no differences in the total numbers of T cells or virus-
specific CD8� T cells within the CNS following viral infection.
Other reports indicate that blocking NKG2D on mouse CTLs
negatively affects numerous effector functions, including pro-
liferation, the production of IFN-�, and lytic activity (41, 60,
64, 74). There are several possible explanations for the results
obtained from our experiments. First, treatment with anti-
NKG2D antibody may have selectively blocked cytolytic activ-
ity in a subpopulation of mouse CD8� T cells previously char-
acterized as developing in a thymic-independent manner and
phenotypically as CD8� CD44high and NKG2D positive (19).
These cells exhibited preferential cytolytic killing of syngeneic
tumor target cells that was enhanced by the NKG2D engage-
ment of RAE-1. We do not feel that this is a reasonable
explanation, as these cells are speculated to preferentially ex-
press TCRs with a strong bias toward self antigen as a result of
extrathymic development and likely function in a surveillance

FIG. 8. Anti-NKG2D treatment does not affect the severity of demyelination in JHMV-infected mice. Representative spinal cord tissue sections
from JHMV-infected mice at day 27 p.i. revealed no differences in either the number or the distribution of viral antigen in spinal cords of mice
treated with either rat IgG (A) (magnification, �100) or anti-NKG2D (B) (magnification, �100). Viral antigen was detected by immunoperoxidase
staining by using anti-JHMV MAb J.3.3, and antigen-positive cells were demonstrated by the presence of chromogen (arrows) (28, 90).
Representative LFB-stained spinal cord sections from JHMV-infected cells at day 32 p.i. from mice treated with rat IgG (C) (magnification, �40)
or anti-NKG2D (D) (magnification, �40) revealed no differences in the severity of white-matter damage. Demyelination scores were determined
by the analysis of LFB-stained tissues and are provided for treatment groups below each representative image.
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manner to protect against cellular transformation (19). Sec-
ond, it is possible that JHMV infection results in the expansion
of a subpopulation of virus-specific CD8� CD28� T cells that
selectively function in the lysis of virus-infected cells. This
possibility is supported by the finding that blocking NKG2D
inhibited MHC-restricted lysis of cytomegalovirus-infected tar-
gets by human CD8� CD28� T-cell clones (35). However, data
from our studies suggest this is unlikely, as CD28 was detected
on all NKG2D� CD8� T cells examined, indicating that
JHMV-specific CTLs are not functioning in a CD28-indepen-
dent manner (data not shown). Alternatively, the ligation of
NKG2D may initiate intracellular signaling events that allow
for specific effector functions to evolve, e.g., IFN-� secretion
and the release of cytotoxic granules. Again, we do not endorse
this possibility, as numerous studies examining intracellular
signaling associated with NKG2D have not revealed divergent
pathways controlling defined T-cell responses. Finally,
NKG2D has been shown to be involved in immunological
synapse (IS) formation in mouse and human CTLs (60, 79).
The ability to form IS by CTLs has been suggested to poten-
tially alert the cell for possible TCR engagement and subse-
quent induction of effector responses (79). Therefore, one
explanation for our results is that treatment with anti-NKG2D
antibody inhibited mature IS formation, and this resulted in a
downstream effect on CTL-mediated killing by not allowing for
the focused delivery of cytotoxic effector molecules to target
cells. Our findings that the removal of anti-NKG2D from the
CTL culture system results in the return of surface expression
of NKG2D and the restoration of lytic activity support this
possibility. Related to this matter is the duration of efficacy of
anti-NKG2D MAb following the treatment of mice. Previous
studies have indicated that antibody can be detected for up to
2 weeks in mice following a single treatment, with a sustained
reduction of NKG2D for up to 7 days posttreatment (42, 57,
63, 64, and Lane, unpublished).

Although our in vitro results suggest that NKG2D expression
can be detected relatively quickly in the absence of blocking
antibody, we believe that in vivo treatment results in sustained
activity throughout the experimental conditions employed. Addi-
tionally, animals received multiple injections of anti-NKG2D an-
tibody, which further supports a long-lasting blocking effect in
vivo.

Although NKG2D ligands are expressed within the spinal
cord in mice persistently infected with JHMV, and although
�95% of CD8� T cells present were NKG2D positive,
NKG2D neutralization had no effect on the severity of demy-
elination. This is in contrast to a previous study, in which
JHMV infection of TCR ��/� mice (lacking T cells with a
functional �� TCR) resulted in demyelination, possibly by
modulating IFN-� secretion by �� T cells, which was partially
mediated by NKG2D receptor signaling (18). However, demy-
elination in immunocompetent mice infected with JHMV is
amplified by IFN-�-secreting CD4� T cells as well as macro-
phage infiltration (31, 48, 56, 94). These findings highlight
potential differences between T-cell subsets (e.g., �� T cells
and �� T cells) with regard to IFN-� secretion and suggest that,
in the absence of the traditional TCR, �� T cells depend more
on alternative pathways such as NKG2D for IFN-� to be pro-
duced. The adoptive transfer of CD8� T cells into JHMV-
infected Rag1�/� recipients does result in demyelinating le-

sions, demonstrating that CD8� T cells can contribute to
white-matter damage in JHMV-infected mice; our findings
indicate that CD8� T-cell contributions to demyelination are
NKG2D independent. This is not entirely surprising, given the
demonstration that NKG2D enhances CTL activity by virus-
specific T cells during acute disease. This is relevant in light of
studies by Bergmann and colleagues (5) that demonstrated
that CD8� T cells that are retained within the CNS during
JHMV persistence exhibit impaired cytolytic function. There-
fore, blocking NKG2D may not have any substantial effect on
CD8� T cells during the chronic phase of disease due to the
inherent deficiencies in these cells to lyse virus-infected targets.
Interestingly, a recent study determined that NKG2D ligands
are expressed by cultured human oligodendrocytes as well as
by oligodendrocytes located within white-matter sections ob-
tained from multiple sclerosis lesions (76). Moreover, inhibit-
ing the NKG2D-NKG2D ligand interactions in culture re-
sulted in a marked inhibition of the killing of oligodendrocytes
by NK cells, �� T cells, and CD8� T cells, highlighting the
possible contributions of NKG2D receptor signaling in cyto-
toxic responses within the CNS (76). Additional information
derived from other relevant animal models of demyelination
will be necessary to further clarify the importance of NKG2D
receptor signaling in chronic neurodegenerative diseases.
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