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FIG. 2. (A) Single-step growth kinetics of the CXCL10-expressing recombinant and isogenic wild-type MHV. Confluent monolayers of 17CI1
cells were infected with Alb274 and Alb275 at a multiplicity of 2.5 PFU per cell. At the indicated times postinfection, aliquots of medium were
removed and plaque titers were determined on mouse L2 cells. A duplicate of the experiment shown gave virtually the same results. (B) Analysis
of virus-specific RNA synthesis in infected cells. Mouse 17Cl1 cells were mock infected or infected with the CXCL10 recombinant (Alb274) or its
reconstructed wild-type counterpart (Alb275) and then labeled from 7.5 to 9.5 h postinfection with [**PJorthophosphate in the presence of
actinomycin D. Purified total cytoplasmic RNA was separated by electrophoresis through 1% agarose-containing formaldehyde, and labeled RNA
was visualized by fluorography. The mobility of sgRNA4, the mRNA for CXCL10 in Alb274, is indicated by an arrowhead. The sizes of the RNA
species are 31.5 kb for genomic (g) RNA and 9.9, 7.7, 3.7, 3.3, 2.6, and 1.9 kb for sgRNAs 2 through 7, respectively. (C) Western blot analysis of
protein expression in infected cells. Samples of lysates from mock-, Alb275-, and Alb274-infected cells were separated by SDS-PAGE, transferred
to a polyvinylidene difluoride filter, and probed with antibodies to CXCL10 (right panel) or to the MHV N protein (left panel). Molecular masses
(in kilodaltons) of marker proteins are indicated. N protein appears as a doublet owing to a significant amount of intracellular proteolysis of this
highly basic protein. (D) ELISA analysis of CXCL10 protein expression from the supernatants of infected cells. Samples of supernatants from
Alb274- and Alb275-infected cells were collected at 2, 4, and 8 h postinfection CXCL10 protein was detectable following Alb274 infection by 2 h
postinfection and most prominently at 8 h postinfection.

titers within the CNS of Alb274-infected mice had increased to
the levels that had been observed in Alb275-infected mice at
days 5 and 8, and this correlated with the onset of mortality
(Table 1).

NK cell inPltration and IFN- production in infected mice.
CXCLI10 has previously been shown to be chemotactic for T
lymphocytes and NK cells expressing CXCR3 (2, 11, 20, 22).

To determine if the decrease in mortality and viral burden
reflected differences in the profile of NK cell infiltration, flow
cytometric analysis of mononuclear cells isolated from the
CNS of Alb274- and Alb275-infected mice was performed. The
results shown in Table 1 and Fig. 5A and B reveal that Alb275
infection of RAGI ™/~ mice resulted in NK cell recruitment
within 2 days postinfection However, NK cell infiltration was
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FIG. 3. Detection of protein expression in infected cells. Mouse L2 cells were mock-infected (A, B, and C), or infected with Alb274 (D E, and
F) or Alb275 (G, H, and I). After 6 h of incubation, cells were fixed and analyzed by immunofluorescence with antibodies to CXCL10 (B, E, and
H) or to MHV N protein (C, F, and I) or phosphate-buffered saline as a control (A, D, and G), followed by fluorescein isothiocyanate-conjugated

goat anti-rabbit antibody. Bar, 50 pm.

dramatically decreased by day 5 postinfection. Interestingly,
NK cell recruitment was significantly increased (P = 0.0001) at
day 2 postinfection following Alb274 infection compared to
Alb275-infected mice (~2-fold increase) and remained ele-
vated (=~5-fold increase) at day 5 compared to Alb275-infected
mice. However, the level of NK infiltration was substantially
reduced by day 8 postinfection within the CNS of Alb274-
infected mice compared to day 5 postinfection, which corre-
lated with the increased mortality observed.

In order to determine the contributions of NK cells to host
defense against MHV infection of the CNS, Alb274-infected
mice were treated with neutralizing anti-NK antiserum and
disease was assessed. Analysis of cellular infiltration within the
CNS indicated that anti-NK treatment resulted in 98% and
97% reduction in NK cell infiltration compared to Alb274-
infected mice at days 2 and 5, respectively. The absence of NK
cells within the CNS resulted in a marked increase in viral
titers at both 2 and 5 days postinfection (=1 log,, increase),
indicating that NK cells are important in controlling viral rep-
lication in infected RAGI '~ mice (Table 1).

One mechanism by which NK cells can participate in host
defense against viral infection is through the secretion of an-
tiviral cytokines such as IFN-vy. Indeed, IFN-y has previously
been shown to exert a potent antiviral effect on MHV replica-
tion within the CNS (15, 30). Therefore, levels of IFN-y pro-
tein were measured within the brains of Alb274- and Alb275-
infected mice at day 5 postinfection. As shown in Fig. 4B, there
was an approximately twofold increase in IFN-y production
within the brains of Alb274-infected mice compared to
Alb275-infected mice that correlated with the pronounced in-
crease in NK cells present in the CNS of these mice at this
time. To further examine the contributions of IFN-y to the
protective effects of infiltrating NK cells, Alb274-infected mice
were treated with a neutralizing anti-IFN-y antibody at days 4
and 6 postinfection. Neutralization of IFN-y resulted in an
increase in both mortality and viral titers compared to Alb274-
infected mice (Table 1). In addition, a 50% reduction in the
frequency of infiltrating NK cells present within the CNS of
anti-IFN-vy-treated mice was observed. These data suggest that
IFN-y is critical in NK-mediated control of viral replication
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FIG. 4. (A) Decreased rate of mortality of Alb274-infected mice. RAGI '~ mice were infected intracerebrally with 5,000 PFU of either Alb274
or Alb275 and treated with neutralizing anti-CXCL10 antibodies. Alb275-infected mice (represented by solid line with open squares) exhibited
100% mortality by 10 days postinfection. In contrast, mortality was not observed in Alb274-infected mice (represented by dashed line with open
diamonds) until day 11 postinfection. However, Alb274 infection eventually resulted in death of all mice by day 14 postinfection, indicating that
death was delayed by CXCL10 expression. Data presented represent a total of three separate experiments with at least three mice per group; n
= 9. Anti-CXCL10 treatment of Alb274-infected mice (represented by dotted line with solid circles) resulted in rapid mortality, and 100% of
treated animals died by day 7 postinfection. Data presented for anti-CXCL10 treatment represent a total of three separate experiments with three
mice per group; n = 9. (B) IFN-y protein levels within the CNS. Protein levels isolated from the CNS were determined by ELISA at 5 days
postinfection. Alb274-infected mice displayed significantly increased levels of IFN-y compared to Alb275-infected mice at day 5 postinfection (P
= 0.05). The data shown represent two separate experiments with three mice per experiment, n = 6.

within the CNS following MHYV infection. In addition, IFN-y
may also support NK infiltration and/or survival.

Antibody-mediated depletion of CXCL10. Instillation of
Alb274 into the CNS of RAGI ™'~ mice resulted in increased
transcripts levels for CXCL10 but not CXCL9 compared to
Alb275-infected mice (data not shown). To determine whether
NK cell infiltration was directly mediated by CXCL10 expres-
sion, mice were treated with a mouse monoclonal anti-
CXCLI10 neutralizing antibody, and survival, cellular infiltra-
tion into the CNS, and viral clearance were assessed.
Neutralization of CXCL10 following Alb274 infection resulted
in a striking increase in mortality that correlated with increased
viral titers within the brains at both days 2 and 5 postinfection
compared to untreated mice (Fig. 4A and Table 1). CXCL10-
mediated defense directly correlated with the ability to recruit
NK cells, as neutralization of CXCL10 also resulted in signif-
icant reduction in NK cell infiltration at both 2 and 5 days
postinfection (Table 1; Fig. SE and F). Anti-CXCLI10 treat-
ment following Alb275 infection also resulted in enhanced
viral recovery and reduced NK cell infiltration at days 2 and 5
postinfection, indicating that CXCL10 production following
infection with wild-type virus also contributes to NK cell entry
and host defense (Table 1; Fig. 5C and D).

CCL3 does not contribute to NK accumulation within the
brains of MHV-infected mice. The results presented above
indicate that CXCL10-mediated recruitment of NK cells was
the primary effector mechanism responsible for reducing viral
replication in the absence of T cells. However, there remained
the possibility that CXCL10 expression in Alb274-infected
mice was contributing to NK cell recruitment indirectly
through inducing additional chemokines that may also exert a
chemotactic effect on NK cells. Indeed, CCL3 can directly
participate in the recruitment of NK cells into the liver follow-
ing murine cytomegalovirus infection (33).

To address this issue, we analyzed CCL3 mRNA expression
within the CNS of Alb274- and Alb275-infected mice at 2 and
5 days postinfection. Intracerebral infection with either Alb274

or AIb275 viruses resulted in increased transcript levels for
CCL3. Alb274 infection resulted in a significant increase in
CCL3 mRNA levels at day 2 postinfection compared to those
in Alb275-infected mice (Fig. 6A). In order to determine
whether CCL3 was contributing to NK cell recruitment within
the CNS of infected mice, mice lacking CCL3 (CCL3 /") were
infected intracerebrally with Alb274, and NK cell infiltration
was determined at day 2 postinfection. No difference in NK cell
recruitment was detected compared to wild-type C57BL/6
mice infected with Alb274, indicating that CCL3 expression
was not necessary for the recruitment of NK cells into the CNS
following MHYV infection (Fig. 6B). Furthermore, there were
no differences in viral titers within the CNS of Alb274-infected
CCL3/~ and CCL3"'" mice (Fig. 6B).

DISCUSSION

Recent studies have used various genetic methods for as-
sessing the contributions of both cellular and viral genes to
host defense and disease in various models, including tumor
biology and viral pathogenesis. Protection from infection and
abnormal cellular growth is dependent upon the combined
activation and recruitment of NK cells, macrophages, and T
lymphocytes to the site of infection. Recently, recombinant
viruses have been used to further characterize the molecules
required for controlling the amplitude and type of immune
response elicited following infection and tumor growth. For
example, the course of vaccinia virus infection can be biased
toward a protective antiviral response through coexpression of
type 1 cytokines, whereas delivery of type 2 cytokines results in
immunosuppression and enhanced susceptibility to virally in-
duced disease (10, 32). Furthermore, adenovirus delivery of
proinflammatory cytokines enhances antitumor immune re-
sponses by increasing the activation and recruitment of effector
T cells (1, 21).

Identification of chemokines as the primary mediators of
leukocyte recruitment toward sites of infection and tumors
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TABLE 1. Reduced viral titers within the brain correlate with
increased NK infiltration

. Day post- Titer
Virus infection (logm. PFU/g Total NK (%)
of tissue)
Alb275 2 46*+04 9.0 = 0.4 X 10* (26)
5 6.7+0.2 7.0 £ 1 X 10° (5)
8 6.5*03 ND
12 ND ND
Alb275 + anti-CXCL10 2 6.1 £0.2° 4.0=x02x10*(14)*
5 6.5+ 0.4 2.0 = 0.1 X 10* (2)
Alb274 2 3.6 027 2.1 =0.1 X 10° (40)°
5 49 +0.77 8.0 =04 X 10*(27)"
8 48037 9.0+ 0.2 X 10°(17)
12 6.4*02 ND
Alb274 + anti-CXCL10 2 5804  3.0=0.1x10*(19)°
5 6.0+02° 2.0=04x10°(17)
Alb274 + anti-NKI1.1 2 53x04°  25=0.1%x10°(12)°
5 57+04° 2002 X10°(23)"
Alb274 + anti-IFN-y 8 58+0.1 52+02xX10°(8)

“ Data are presented as the average = SEM. P = 0.02; reduced NK cell
infiltration following treatment with either neutralizing anti-CXCL10 or anti-
NKI1.1 antibodies. Data represent results from three experiments with at least
three mice per group.

® P = 0.0001; enhanced NK cell infiltration following AIb274 infection com-
pared to infection with Alb275. Data represent results from five experiments with
three mice per group.

¢ P = 0.006. Increased recovery of replicating virus from the CNS following
treatment with neutralizing anti-CXCL10 antibodies. Data represent results
from three experiments with three mice per group.

4P = 0.001. Reduced viral titers following AIb274 infection compared to
infection with Alb275. Data represent results from five experiments with three
mice per group.

¢ P = 0.02. Increased viral titers following treatment with anti-NK1.1 antibod-
ies compared to mice infected with Alb274. Data represent results from two
separate experiments with three mice per group.

/P = 0.002. Increased viral titers following treatment with neutralizing anti-
IFN-y antibodies compared to Alb274-infected mice. Data represent results
from two separate experiments with four mice per group.

indicated that viral expression of select CXC chemokines
would also enhance antiviral immunity and reduce tumor sizes.
Indeed, recent reports have demonstrated a critical role for
CXCLI10 in directing effector T-cell migration towards tumor
growth, which then facilitates regression of established tumors
(31). Moreover, recent studies have demonstrated an impor-
tant role for CXCLI10 in participating in innate defense against
vaccinia virus infection by recruiting and activating NK cells
(24). These results clearly indicate that CXCL10 participates in
both innate and adaptive host defense mechanisms by contrib-
uting to cell migration and activation.

Our studies further attest to the ability of CXCL10 to con-
tribute to innate immune response to viral infection. Impor-
tantly, the results presented define a pivotal role for CXCL10
in evoking innate immune responses within the CNS in re-
sponse to viral infection. Intracerebral infection of RAGI '~
mice with recombinant MHV expressing CXCL10 resulted in a
dramatic reduction in both mortality and morbidity that cor-
related with reduced viral replication within the CNS. Within
the context of this model system, CXCL10 mediated its pro-
tective effect by coordinating the infiltration and activation of
NK cells into the brain, as anti-CXCL10 treatment abolished
NK cell-mediated protection. Importantly, our data indicate
that endogenous expression of CXCL10 within the brains of
wild-type-MHV-infected RAGI ™'~ mice is also important in
defense, as anti-CXCL10 treatment resulted in increased viral
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FIG. 5. (A and B) Analysis of NK cell infiltration following Alb274
and Alb275 infection. Total mononuclear cells were isolated from the
CNS at 2 and 5 days postinfection and stained with fluorescein iso-
thiocyanate-conjugated anti-NK1.1. Representative histograms show
the percentages of NK1.1-positive cells present in the CNS of Alb274-
and Alb275-infected mice. Alb274 infection resulted in a significant
increase in NK cell infiltration at both 2 and 5 days postinfection (P =
0.0001). Data presented represent a total of five separate experiments
with at least three mice per group; n = 15. (C, D, E, and F) NK cell
infiltration following anti-CXCL10 treatment. Anti-CXCL10 treat-
ment at —1, 1, and 3 days postinfection resulted in a dramatic decrease
in NK cell infiltration following either Alb275 (C and D) or Alb274 (E
and F) infection at both 2 and 5 days postinfection (P = 0.02). Data
presented are representative of the results obtained from three sepa-
rate experiments with three mice per experiment; n = 9.

titers accompanied by reduced infiltration of NK cells. These
findings are novel in that no chemokine has yet been shown to
exert a clearly defined role in coordinating an innate immune
response following viral infection of the CNS. In addition,
these results clearly indicate that NK cells can exert an antiviral
protective effect within the CNS.

Previous studies have demonstrated the recruitment and
activation of NK cells following infection with a wide range of
viruses (4). However, not all viral infections are susceptible to
NK-mediated clearance, and susceptibility depends upon the
effector mechanisms induced. For example, the induction of
both cytotoxicity and IFN-y production by NK cells following
murine cytomegalovirus and influenza virus infection results in
reduced virally induced disease and enhanced survival (27, 29).
In contrast, the absence of IFN-y production by NK cells
correlates with the absence of an effective innate response to
lymphocytic choriomeningitis virus infection (37). Moreover,
the organs targeted by viral infection can also influence the
participation of NK cells. Indeed, Tay et al. (35) demonstrated
that the NK response to murine cytomegalovirus is perforin
dependent within the spleen, whereas production of IFN-y is
required for viral clearance from the liver. These results indi-
cate that the importance of the NK cell response to viral
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FIG. 6. CCL3 gene expression within the CNS following Alb274
and AIb275 infection. (A) Densitometric analysis of CCL3 mRNA
transcripts obtained from the scanned autoradiograph of an RNase
protection assay. Transcripts for CCL3 were detected following both
infections at all time points analyzed. CCL3 transcripts were signifi-
cantly increased at day 2 postinfection following AlIb274 infection
compared to Alb275-infected mice (P = 0.05). (B) NK cell infiltration
and viral titers in CCL3~/~ mice. Alb274 infection of CCL3 ™/~ mice
resulted in equivalent NK cell infiltration compared to Alb274-infected
wild-type C57BL/6 mice at 2 days postinfection, and this correlated
with no observable difference in the level of viral replication between
wild-type and CCL3~'~ mice. All experiments were performed in du-
plicate with a minimum of three mice per experiment; n = 6.

infection can depend upon multiple factors, including the tis-
sue infected as well as the effector mechanisms induced.

The significance of NK cells in controlling MHYV replication
within the CNS of RAGI '~ mice was confirmed by the dra-
matic increase in mortality following the administration of
anti-NK1.1 antibodies. Similar to treatment with anti-CXCL10
antibodies, antibody-mediated targeting of NK cells resulted in
increased viral replication within the CNS of MHV-infected
RAGI™/~ mice, suggesting that NK cell recruitment to the
CNS is critical in controlling viral replication prior to the re-
cruitment of the adaptive immune response. Moreover, the
enhanced accumulation of NK cells within the CNS following
Alb274 infection directly correlated with a dramatic increase in
IFN-y production, suggesting that secretion of cytokines may
be a primary mechanism for controlling viral replication within
the CNS. Indeed, neutralization of IFN-y with neutralizing
monoclonal antibodies resulted in increased mortality and re-
duced viral clearance compared to Alb274-infected mice.
These results suggest that virus-encoded CXCLI10 is able to
enhance the production of IFN-y by NK cells within the CNS.
Similarly, Mahalingam et al. (24) demonstrated the impor-
tance of CXCL10-induced NK production of IFN-y within the
ovaries and lungs following vaccinia virus infection. Neutral-
ization of IFN-y in mice infected with a recombinant vaccinia
virus encoding CXCL10 resulted in a dramatic increase in viral
titers, suggesting that clearance of virus was dependent upon
interferon production. Similarly, the data presented indicate
that within the CNS, IFN-y production by NK cells is critical in
the control of MHV replication, which is consistent with pre-
vious studies (15, 30).

In summary, our results indicate a critical role for CXCL10
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in the protection of RAGI ™/~ mice from virus-induced CNS
disease. Combined with our previous studies identifying this
chemokine as a potent T-cell chemoattractant and mediator of
the protective adaptive immune response, our results indicate
that early expression of CXCL10 is required for the recruit-
ment and activation of NK cells. NK cells are able to protect
the host by controlling viral replication, presumably until an-
tigen-specific T cells arrive. Therefore, our findings further
delineate the functional contributions of CXCL10 to host de-
fense and clearly indicate an important signaling link between
innate and adaptive immunity following viral infection of the
CNS.
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