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mortality due to encephalitis. Direct injection of CXCL9 into the CNS infection site enhanced HSV-1–specific CD8+ T cell
accumulation, leading to marked improvements in the survival of infected mice. This previously uncharacterized strategy
for HSV-1 evasion of CD8+ T cell accumulation in the CNS has important implications for understanding the pathogenesis
and clinical treatment of HSV-1 encephalitis.
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Introduction
HSV-1 is generally associated with various mucocutaneous diseas-
es, such as herpes labialis, genital herpes, herpetic whitlow, and 
keratitis (1). Also, HSV-1 is the most common cause of sporadic 
viral encephalitis, which can be lethal or result in severe neurolog-
ical defects in a significant fraction of survivors even with antivi-
ral therapy (2). Following primary infection at peripheral mucosal 
sites, HSV-1 is transported via innervating sensory neurons to 
replicate in sensory ganglia, such as trigeminal ganglia (TGs), and 
establishes lifelong latency there. HSV-1 periodically reactivates 
to cause lesions at or near the primary infection site, and some-
times spreads from TGs into the brain and causes encephalitis 
upon primary and recurrent infection (1). This HSV-1 life cycle, 
which repeatedly primes the host immune system, increases the 
potential for a host immune response to eradicate the virus, and 
therefore, it has been thought that HSV-1 must have evolved mul-
tiple mechanisms for evasion of immune detection and clearance, 
especially adaptive immune responses.

CD8+ T cells eliminate virus-infected cells through recognition 
of virus-derived peptides displayed at the cell surface of infected 
cells in the context of major histocompatibility complex class I 
(MHC-I) molecules (3, 4). Therefore, the MHC-I antigen presenta-
tion pathway appears to be a prime target for attack by many virus-
es to evade CD8+ T cells. In fact, HSV-1 has been shown to encode 
two viral proteins, ICP47 and Us3, both of which inhibit MHC-I 

antigen presentation in HSV-1–infected cells by downregulating 
cell surface expression of MHC-I in cell cultures (5–8). Although 
Us3-mediated inhibition of MHC-I antigen presentation has been 
reported to promote viral replication at peripheral sites in mice 
following footpad infection (8), whether Us3-mediated inhibition 
of MHC-I antigen presentation is involved in HSV-1 pathogenesis 
remains to be elucidated. Moreover, the role(s) of ICP47-mediated 
inhibition of MHC-I antigen presentation in vivo are not known, 
since ICP47 functioned in human cells but not in murine cells (6, 
9), which makes it difficult to address the relevance of ICP47- 
mediated inhibition of MHC-I antigen presentation in mouse 
models of HSV-1 infection. Thus, data showing the significance of 
HSV-1 evasion of CD8+ T cells in HSV-1 replication and pathogen-
esis in vivo have been limited. In particular, there is a lack of infor-
mation on how HSV-1 evades CD8+ T cells in the CNS, although 
CD8+ T cells have been suggested to play a role in clearance of 
HSV-1 from the CNS of infected mice (10).

UL13 is an HSV-1–encoded serine/threonine protein kinase 
that is conserved in members of all three subfamilies (Alpha-
herpesvirinae, Betaherpesvirinae, and Gammaherpesvirinae) of 
the family Herpesviridae (1). Although UL13 has been suggested 
to promote viral replication and expression of a subset of viral 
genes in cell cultures in a manner dependent on the cell type and 
to potentially mimic cellular cyclin-dependent protein kinases 
(11–15), the role(s) of UL13 in viral replication and pathogenicity in 
vivo have remained unknown. Here we showed that UL13 kinase 
promoted evasion of HSV-1–specific CD8+ T cell accumulation by 
downregulating expression of CXCL9 within the CNS and that 
this UL13-mediated evasion of CD8+ T cells was critical for mor-
tality due to viral encephalitis.
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recombinant HSV-1 (UL13KM) carrying a K176M mutation in UL13, 
which was reported to inactivate UL13 kinase activity without 
affecting expression of UL13 protein (18), or a recombinant HSV-1  
(UL13R) in which the K176M mutation in UL13KM was repaired 
(Supplemental Figure 1; supplemental material available online 
with this article; https://doi.org/10.1172/JCI92931DS1), and mon-
itored survival. Notably, most (92.0%) UL13KM-infected mice 
survived, but most (84.0%) UL13R-infected mice died (Figure 1A). 
Furthermore, at 5 days after infection, HSV-1 antigens in the brain 
stems, which are the predominant infection sites following ocular 

Results
Effect of UL13 kinase activity on HSV-1 replication in the CNS and 
pathogenicity in mice. In experimental murine models of HSV-1 
infection, the capacity to invade the CNS from peripheral sites, 
such as eye and vagina, and to damage the CNS due to viral repli-
cation can be studied in mice following peripheral inoculation (e.g., 
ocular and vaginal) (16). In these murine models, mortality results 
from HSV-1 encephalitis caused by viral CNS infection (1, 17). To 
clarify the role(s) of UL13 kinase activity in viral replication in the 
CNS and in viral pathogenicity, we ocularly infected mice with a 

Figure 1. Effect of HSV-1 UL13 kinase activity on viral replication and pathogenicity in the CNS of mice following ocular infection. (A) Five-week-old 
female ICR mice were ocularly infected with 1 × 106 PFU UL13KM or UL13R per eye and monitored for survival daily for 14 days. The results of 3 independent 
experiments (1 with 5 mice and 2 with 10 mice) were combined. (B) At 5 and 8 days after infection, the brains of infected mice were harvested, sectioned, 
stained with an antibody to HSV-1 antigens, and analyzed by fluorescence microscopy. In each row, the first and third images are of different sections, 
and the second and fourth images are higher magnifications of the boxed areas of the sections in the first and third images, respectively. Magnification 
of first and third images, 4× objective lens. Scale bars: 2 mm. Magnification of second and fourth images, 20× objective lens. Scale bars: 200 μm. d.p.i., 
day(s) after infection. (C) Viral titers in the brains of infected mice at 1, 3, 5, 7, and 8 days after infection were assayed. Dashed line indicates the limit of 
detection. The results of 3 independent experiments (1 with 7 mice and 2 with 5 mice) were combined for each virus. Each data point is the virus titer in the 
brain of one mouse. Statistical significance values were analyzed by the log-rank test (A) or the Mann-Whitney U test (C).
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decreased survival of UL13KM-infected mice but had no effect on 
lethality of UL13R-infected mice (Figure 2, A and B). In contrast, 
CD4+ T cell depletion had no effect on survival of UL13KM-infected  
mice, although it slightly enhanced lethality of UL13R-infected 
mice (Supplemental Figure 2). At 5 days after infection, CD8+ T 
cell depletion had no effect on viral replication or antigen spread 
in the brains of UL13KM-infected and UL13R-infected mice (Fig-
ure 2, C–E). However, at 7 days after infection, depletion of CD8+ T 
cells significantly increased viral replication and antigen spread in 
UL13KM-infected mice, but not in UL13R-infected mice (Figure 2, 
C–E), indicating that CD8+ T cells were required for efficient clear-
ance of UL13KM-infected cells and for efficient survival. Thus, 
UL13 kinase activity likely promoted evasion of CD8+ T cells but 
not CD4+ T cells in the CNS, which appeared to be critical for mor-
tality due to HSV-1 encephalitis.

Effect of UL13 kinase activity on regulation of HSV-1–specific 
CD8+ T cell accumulation in the CNS. We then investigated two 
mechanisms by which UL13 kinase activity might promote viral 
evasion of CD8+ T cells in the CNS: UL13 kinase activity might 
inhibit CD8+ T cell accumulation in the CNS, or UL13 kinase activ-
ity might downregulate antigen presentation in HSV-1–infected 

inoculation (19), were similarly detected in almost all mice infect-
ed with UL13KM and UL13R (Figure 1B). In contrast, at 8 days 
after infection, HSV-1 antigens were detected in almost all UL13R- 
infected mice but were barely detectable in UL13KM-infected mice 
(Figure 1B). However, HSV-1 antigens in brain stems were only 
detected in a fraction of UL13KM-infected mice, at a level similar 
to that in UL13R-infected mice (data not shown). Accordingly, the 
titer of UL13KM in the brains was similar to that of UL13R at 3 and 
5 days after infection (Figure 1C). However, the UL13KM titer was 
significantly lower than that of UL13R at 7 and 8 days after infec-
tion (Figure 1C). These results suggested that UL13 kinase activity 
was required for efficient evasion of viral clearance in the CNS and 
effective HSV-1 mortality in mice following ocular infection.

Effect of CD8+ T cells on viral virulence and replication in the 
CNS of mice following ocular inoculation. It has been reported that 
CD8+ T cells play a role in the clearance of HSV-1–infected cells 
in the brains of mice following ocular inoculation (10). Therefore, 
to investigate whether CD8+ T cells contributed to clearance of 
infected cells in the brains as shown in Figure 1, B and C, we infect-
ed mice injected with CD8-depleting or CD4-depleting antibod-
ies with UL13KM or UL13R. CD8+ T cell depletion significantly 

Figure 2. Effect of depletion of CD8+ T cells on replication and pathogenicity of HSV-1 with and without UL13 kinase activity in the brains of mice 
following ocular infection. (A and B) Five-week-old female ICR mice mock-depleted or CD8+ T cell–depleted were mock-infected or infected with 1 × 106 
PFU UL13R (A) or UL13KM (B) per eye and monitored for survival daily for 21 days. The results from 2 independent experiments (each with 12 mice) were 
combined. The statistical significance values were analyzed by the log-rank test. (C and D) At 5 and 7 days after infection, viral titers in the brains of mice 
infected with UL13R (C) or UL13KM (D) were assayed. The results from 2 independent experiments (each with 4 mice) were combined. Each data point is 
the virus titer in the brain of one mouse. The statistical significance values were analyzed by the Mann-Whitney U test. (E) At 5 and 7 days after infection, 
the brains of infected mice were harvested, sectioned, stained with an antibody to HSV-1 antigens, and analyzed by fluorescence microscopy. Magnifica-
tion of images, 20× objective lens. Scale bars: 50 μm.
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produced β-galactosidase in response to the immunodominant 
gB498–505 epitope of HSV-1 (20). As we reported previously (8), the 
response of HSV-1–specific CTL hybridoma clone to cells infect-
ed with a recombinant HSV-1 lacking Us3 (ΔUs3) (Supplemental 
Figure 1) was significantly greater than with WT HSV-1(F) or with 
a recombinant virus (ΔUs3R) in which the Us3-null mutation in 
ΔUs3 was repaired. In contrast, the response of the HSV-1–specific 
CTL hybridoma clone to cells infected with UL13KM was similar 
to that of cells infected with WT HSV-1(F) or UL13R (Supplemen-
tal Figure 3), suggesting that UL13 kinase activity played no appar-
ent role in the inhibition of MHC class I–restricted, HSV-1–specific 
antigen presentation in HSV-1–infected cells.

Effect of UL13 kinase activity on HSV-1 replication and CD8+ T 
cell accumulation at the peripheral sites. We examined the effect of 
UL13 kinase activity on viral replication and CD8+ T cell accumu-
lation in peripheral sites including the eyes and TGs of mice fol-
lowing ocular infection with UL13KM or UL13R. As shown in Fig-
ure 4A, the titer of UL13KM in eyes was similar to that of UL13R at 
1 day after infection, whereas the UL13KM titer was significantly 
lower than that of UL13R at 3, 5, 7, and 8 days after infection. In 
TGs, the titer of UL13KM was similar to that of UL13R at 3 and 5 
days after infection, whereas the UL13KM titer was significantly 
lower than that of UL13R at 7 and 8 days after infection (Figure 
4C). Thus, as observed in the brain, the UL13KM titer was initial-
ly similar to that of UL13R in eyes and TGs, and was significantly 
lower than the UL13R titer thereafter, although the differences in 
viral titers between UL13KM and UL13R were detectable earlier in 
eyes (at 3 days after infection) (Figure 4A) and TGs (at 5 days after 
infection) (Figure 4C) than in brains (at 7 days after infection) (Fig-
ure 1C). In contrast, the number of CD8+ T cells was similar in the 
eyes and TGs of mice infected with UL13KM or UL13R at 5 and 7 
days after infection (Figure 4, B and D), unlike in the CNS of mice 
infected with UL13KM or UL13R (Figure 3A). These results indi-
cated that although UL13 kinase activity was required for efficient 
HSV-1 replication in peripheral and central sites, it was required 
for the efficient inhibition of accumulation of CD8+ T cells in the 
CNS only and not in the peripheral sites.

Effect of UL13 kinase activity on induction of cytokines in HSV-1 
infection sites in the CNS. CD8+ T cell attractant chemokines CXCL9, 

cells, as reported for ICP47 and Us3 (6–8). First, we examined the 
effect of UL13 kinase activity on CD8+ T cell accumulation in the 
brain. The number of CD8+ T cells was similar in the brain stems of 
mice infected with UL13KM or UL13R at 5 days after infection, but 
was significantly greater in the brain stems of mice infected with 
UL13KM compared with UL13R at 7 days after infection (Figure 
3A). CD8+ T cells were then isolated from the brain stems and sub-
mandibular lymph nodes of UL13KM- and UL13R-infected mice 
and restimulated ex vivo with HSV-1 antigens, and the number 
of IFN-γ–secreting cells was analyzed by enzyme-linked immu-
nosorbent spot (ELISPOT) assays. There were significantly more 
HSV-1–specific IFN-γ+CD8+ T cells in the brain stems of UL13KM- 
infected mice than in UL13R-infected mice (Figure 3C). Mean-
while, the number of total or HSV-1–specific CD8+ T cells was sim-
ilar in submandibular lymph nodes of mice infected with UL13KM 
or UL13R (Figure 3, B and D). These results suggested that UL13 
kinase activity was required for efficient evasion of HSV-1–specific  
CD8+ T cell accumulation in the brain stems of mice following 
ocular infection. Next, we examined the effect of UL13 kinase 
activity on HSV-1–specific antigen presentation in HSV-1–infected 
cells using a cytotoxic T lymphocyte (CTL) hybridoma clone that 

Figure 3. Effect of HSV-1 UL13 kinase activity on the accumulation of CD8+ 
T cells in the infected brain stems of mice following ocular infection. (A, 
B, E, and F) Five-week-old female ICR mice were mock-infected or infected 
with 1 × 106 PFU UL13R or UL13KM per eye. At 5 or 7 days after infection, 
brain stem (A and E) and submandibular lymph node (B and F) samples 
were processed and analyzed for CD8+ T (CD8+, CD3+, and CD45+) (A and B) or 
CD4+ T (CD4+, CD3+, and CD45+) (E and F) cell content by flow cytometry. The 
results from 3 independent experiments (1 with 3 mice and 2 with 4 mice 
for the 5 days post-infection experiments, and 3 with 4 mice for the 7 days 
post-infection experiments) were combined. Each data point is the number 
of CD8+ or CD4+ T cells in the brain stem (A and E) or submandibular lymph 
node (B and F) of one mouse. (C and D) At 7 days after infection, CD8+ T 
cells purified from brain stem (C) and submandibular lymph node samples 
(D) were assayed for the number of IFN-γ–producing cells by ELISPOT 
assays. The results from 3 independent experiments (each with 4 mice) 
were combined. Each data point is the number of IFN-γ–producing CD8+  
T cells in the brain stem (C) or submandibular lymph node (D) of one mouse. 
Statistical significance values were analyzed by the Mann-Whitney U test.
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hypothesis that UL13-mediated downregulation of CXCL9 
inhibited the accumulation of HSV-1–specific CD8+ T cells in 
the brain stems of infected mice and enabled efficient viral 
replication and virulence, we investigated whether injection 
of CXCL9 into the brain stems of mice infected with UL13R 
— which downregulated expression of CXCL9 in brain stems 
as shown above — induced the phenotype observed in mice 
infected with UL13KM, including the increase in the accu-
mulation of HSV-1–specific CD8+ T cells in the brain stems 
and the decrease in viral replication in the brains and in 
mortality of infected mice. For these experiments, mice ocu-
larly infected with UL13R were mock-injected or injected 
stereotaxically with CXCL9 into brain stems at 5 days after 

infection. As shown in Figure 6, A–D, direct CXCL9 injection into 
the brain stems of UL13R-infected mice significantly increased 
the total number of CD8+ T cells and the number of HSV-1– 
specific IFN-γ+CD8+ T cells accumulated in the brain stems, but 
CXCL9 injection had no significant effect on the number of these 
cells in the submandibular lymph nodes of infected mice at 7 days 
after infection. Similar experiments on CD4+ T cell accumulation 
showed that CXCL9 injection tended to induce the accumulation 
of CD4+ T cells in the brain stems of infected mice, but had no 
effect on the number of these cells in submandibular lymph nodes 
of infected mice at 7 days after infection (Figure 6, E and F). Fur-
thermore, CXCL9 injection significantly reduced viral replication 
in the brains and mortality (Figure 6, G and H). Notably, direct 
injection of CXCL10, which is a redundant chemokine of CXCL9 
and shares its receptor CXCR3 with CXCL9, induced the same 
effects as CXCL9 (Supplemental Figure 4). These results indi-
cated that CXCL9 and CXCL10 were able to accumulate HSV-1– 
specific CD8+ T cells at infection sites in the CNS, and overexpres-
sion of CXCL9 or CXCL10 in the infection sites reduced viral rep-
lication in these sites and mortality of infected mice by a pathway 
common to CXCL9 and CXCL10.

The CXCL9 and CXCL10 receptor CXCR3 is expressed on 
many cell types other than CD8+ and CD4+ T cells, such as NK 
cells, NKT cells, plasmacytoid DCs, subsets of B cells, neutrophils, 
microglia, astrocytes, and neurons (21, 24–27). Therefore, for inves-
tigation of whether the effects of CXCL9 injection were dependent 
on CD8+ T cells, mice injected with CD8-depleting antibody were 
infected with UL13R and then were mock-injected or injected with 

CXCL10, and CXCL11 use CXCR3, which is highly expressed on 
activated T cells, as a receptor (21), and CXCL9 and CXCL10 have 
been reported to recruit HSV-specific CD8+ T cells to HSV infec-
tion sites (22). Therefore, we compared expression of these chemo-
kines and IL-6 in the brain stems of mice infected with UL13KM 
or UL13R. The level of Cxcl9 mRNA expression was not signifi-
cantly different in the brain stems of mice infected with UL13KM 
or UL13R at 5 days after infection (data not shown), but was sig-
nificantly higher in the brain stems of mice infected with UL13KM 
than in mice infected with UL13R at 7 days after infection (Figure 
5A). In contrast, the levels of mRNA expression of Cxcl10, Cxcl11, 
and IL-6 in the brain stems of mice infected with UL13KM were 
similar to those in mice infected with UL13R (Figure 5, B–D). These 
results indicated that UL13 kinase activity was required for the effi-
cient downregulation of CXCL9 expression in the brain stems, and 
that the UL13-mediated downregulation of CXCL9 might inhibit 
the accumulation of HSV-1–specific CD8+ T cells in the brain stem. 
In support of this hypothesis, although there were similar numbers 
of CD4+ T cells, which are known to be recruited to HSV-1 infection 
sites by CXCL9 (23), in the brain stems of UL13KM- and UL13R- 
infected mice at 5 days after infection, there was a tendency toward 
greater numbers of CD4+ T cells in the brain stems of UL13KM- 
infected mice compared with UL13R-infected mice at 7 days after 
infection (Figure 3E). As observed with CD8+ T cells, the number of 
CD4+ T cells in submandibular lymph nodes of UL13KM-infected 
mice was similar to that in UL13R-infected mice (Figure 3F).

Effect of injection of CXCL9 in HSV-1 infection sites in the CNS 
on viral replication and pathogenicity. To address more directly the 

Figure 4. Effect of HSV-1 UL13 kinase activity on viral replica-
tion and accumulation of CD8+ T cells in the eye and TGs of mice 
following ocular infection. Five-week-old female ICR mice were 
mock-infected or ocularly infected with 1 × 106 PFU UL13KM or UL13R 
per eye. (A and C) At 1, 3, 5, 7, and 8 days after infection, eye and TG 
samples were processed, and viral titers in the eyes (A) or the TGs 
(C) of infected mice were assayed. Dashed line indicates the limit of 
detection. The results of 3 independent experiments (1 with 7 mice 
and 2 with 5 mice) were combined for each virus. Each data point is 
the virus titer in the eye (A) or the TGs (C) of one mouse. (B and D) At 
5 or 7 days after infection, eye (B) and TG (D) samples were processed 
and analyzed for CD8+ T (CD8+, CD3+, and CD45+) cell content by flow 
cytometry. The results from 2 independent experiments (each with 4 
mice) were combined. Each data point is the number of CD8+ T cells 
in the eyes (B) or TGs (D) of one mouse. The statistical significance 
values were analyzed by the Mann-Whitney U test.
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CXCL9 into brain stems at 5 days after infection. As shown in Figure 
7, A and B, CXCL9 injection had no significant effect on viral repli-
cation or the mortality of CD8-depleted mice in contrast to normal 
mice injected with CXCL9 (Figure 6, G and H). These results elim-
inated the possibility that the CXCL9 injection was acting through 
cell types other than CD8+ T cells expressing CXCR3.

Thus, direct injection of CXCL9 into the brain stems of mice 
infected with UL13R produced a phenotype similar to the UL13 
kinase-dead mutation that was dependent on CD8+ T cells. These 
results supported our hypothesis that UL13 kinase activity promot-
ed downregulation of CXCL9 to evade the accumulation of HSV-1– 
specific CD8+ T cells in the infection site in the CNS, enabling effi-
cient viral replication and pathogenicity in the mouse CNS.

Effect of CXCL9 knockout on HSV-1 pathogenicity in mice. Final-
ly, we examined the effect of CXCL9 knockout in mice infected 
with HSV-1. We generated Cxcl9-knockout mice with a 45-bp 
deletion in the target region of the Cxcl9 gene (Supplemental Fig-
ure 5A) by the offset-nicking method of the CRISPR/Cas system 
as previously described (28). Primary mouse embryonic fibro-
blasts (MEFs) from WT or homozygotic Cxcl9-knockout mice 
were mock-treated or treated with recombinant murine IFN-γ 
and tested for the expression of CXCL9 protein by immunoblot-
ting. As shown in Supplemental Figure 5B, IFN-γ–dependent 
CXCL9 expression was observed in MEFs from WT mice but not 
from Cxcl9-knockout mice, confirming the generation of Cxcl9- 
knockout mice. Then, WT or Cxcl9-knockout mice were infected  
with UL13KM or UL13R, and their survival was monitored. As 
shown in Supplemental Figure 5C, the survival rate of Cxcl9- 
knockout mice was significantly greater than that of WT mice fol-
lowing ocular infection with UL13R. In contrast, the survival rate 
of Cxcl9-knockout mice was similar to that of WT mice following 

ocular infection with UL13KM (Supplemental Figure 5D). These 
results indicated that CXCL9 was required for efficient viral vir-
ulence in mice following ocular infection and that the complete 
depletion of CXCL9 could not enhance the virulence of HSV-1 
UL13KM in contrast to CD8+ T cell depletion (Figure 2B).

Discussion
It has been reported that topical CXCL9 and CXCL10 administra-
tion in the genital tract of mice that had been vaccinated with an 
attenuated recombinant HSV lacking the thymidine kinase gene 
significantly increased recruitment of HSV-specific CD8+ T cells 
to the infection site and protected the mice against lethal genital 
HSV challenge (22). In this study, we showed that the ocular inoc-
ulation of UL13R into mice induced the expressions of CXCL9 and 
CXCL10 in the CNS. Of note, most of the UL13R-infected mice 
died, suggesting that although CXCL9 and CXCL10 reduce HSV 
infection by recruiting HSV-specific CD8+ T cells to the infection 
sites, this was insufficient to block infection, thereby enabling effi-
cient viral replication and pathogenicity. Therefore, HSV might 
have evolved mechanism(s) to downregulate the effect of CXCL9 
and/or CXCL10 at infection sites. In agreement with this hypoth-
esis, we have presented data here suggesting that HSV-1 protein 
kinase UL13 mediated downregulation of CXCL9 expression to 
inhibit the accumulation of HSV-1–specific CD8+ T cells at infec-
tion sites in the CNS of mice, allowing efficient viral replication and 
pathogenicity. This conclusion was supported by the findings of 
several reported studies as follows: (i) delayed infiltration of HSV-1–
specific CD8+ T cells into the CNS in mice, caused by psychological 
stress, was shown to promote viral encephalitis (29); (ii) accumulat-
ing evidence has suggested the involvement of various chemokines 
in the immunopathogenesis of other infectious diseases in the CNS 
(30); and (iii) various herpesviruses encode chemokine homologs, 
chemokine receptor homologs, and/or chemokine-binding pro-
teins as part of multiple strategies to regulate chemokines (31). To 
the best of our knowledge, this is the first report of an HSV strategy 
for CD8+ T cell evasion that regulates HSV-1 pathogenesis and is 
employed in the CNS. Since HSV-1 UL13 is conserved in herpesvi-
ruses in all three Herpesviridae subfamilies, the HSV-1 UL13–medi-
ated immune evasion mechanism may be conserved in other her-
pesviruses, especially in neurotropic herpesviruses subclassified in 
the Alphaherpesvirinae subfamily, such as varicella-zoster virus, 
pseudorabies virus, and equine herpesvirus, which sometimes 
cause encephalitis (32). At present, whether Us3 and ICP47, which 
have been reported to downregulate HSV-1–specific MHC-I anti-
gen presentation (5, 6, 8, 9), function in CD8+ T cell evasion in the 
CNS remains to be investigated. However, it is likely that the mul-

Figure 5. Effect of HSV-1 UL13 kinase activity on expression of cytokine 
mRNAs in the infected brain stems of mice following ocular infection. 
Five-week-old female ICR mice were mock-infected or infected with 1 × 
106 PFU UL13R or UL13KM per eye. At 7 days after infection, brain stem 
samples were processed, and the amounts of Cxcl9 (A), Cxcl10 (B), Cxcl11 
(C), and Il-6 (D) mRNA were analyzed by quantitative RT-PCR. The results 
from 2 independent experiments (1 with 4 mice and 1 with 5 mice) were 
combined. Each data point is the relative amount of each mRNA in the 
brain stem of one mouse. The statistical significance values were analyzed 
by the Mann-Whitney U test.
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tiple mechanisms for CD8+ T cell evasion promoted by UL13, Us3, 
and ICP47 may be critical for viral replication and pathogenicity in 
the mouse CNS. We observed an increased accumulation of CD8+ 
T cells in the CNS but not in the eyes and TGs of UL13KM-infected 
mice, indicating the HSV-1 UL13–mediated immune evasion mech-
anism might be specific to the CNS. However, we cannot eliminate 
the possibility that it might also function in peripheral infection 
sites to enable efficient viral replication and pathogenicity, proba-
bly in concert with Us3 and ICP47.

The importance of CD4+ T cells in control of HSV infection 
has been reported (33–36). Notably, we showed here that CD4+ 

T cell depletion had no obvious effect on lethality of UL13R- and 
UL13KM-infected mice. These results suggested that CD4+ T 
cells played no obvious roles in prevention of lethality in mice 
following ocular HSV-1 infection and appear not to be in agree-
ment with the previous reports. As described above, ICP47, a 
strong inhibitor of HSV-1–specific MHC-I antigen presentation, 
does not function in murine cells (6, 9). Therefore, the CD8+ T 
cell response to HSV infection could be exaggerated in mouse 
models due to the dysfunction of ICP47, and this may lead to 
underestimation of the importance of CD4+ T cells in control of 
HSV infection in mouse models.

It is interesting that HSV-1 UL13 downregulated CXCL9 
but not its redundant chemokine CXCL10 in the CNS in mice. 
A non-redundant role for CXCL9 and CXCL10 in the immune 
response to HSV-1 ocular infection has been reported, with CXCL9 
but not CXCL10 playing an important role in recruitment of CD4+ 
T cells into the cornea in mice following HSV-1 ocular infection 
(23). Similarly, CXCL9 may have a specific role and/or potential 
in recruitment of CD8+ T cells into the CNS in mice, and therefore, 
HSV-1 UL13 may target only CXCL9, although the current study 
showed that the excessive administration of either CXCL9 or 
CXC10 promoted the accumulation of CD8+ T cells into the CNS. 
This specific UL13-mediated downregulation of CXCL9 also elim-
inates the possibility that the increase in CXCL9 expression in the 
absence of UL13 shown in this study resulted from reduced activ-
ity of the virus endoribonuclease responsible for viral host protein 
synthesis shutoff (vhs). In agreement with this, we showed that 
the absence of UL13 kinase activity had no effect on the activity 
of vhs protein in infected cells (Supplemental Figure 6, A and B), 
although vhs protein has been reported to be phosphorylated by 
UL13 (37). At present, the mechanism by which UL13 downregu-
lates CXCL9 expression in the CNS remains unknown. Whereas 
UL13 may play a direct role in suppression of CXCL9 gene expres-
sion, there is also the possibilities that UL13 indirectly regulates 
CXCL9 gene expression by downregulating expression of IFN-γ, 
which induces CXCL9 gene expression (21), in infected cells and/
or by downregulating infiltration of immune cells secreting IFN-γ 
into the infection sites.

Figure 6. Effect of direct injection of CXCL9 into the brain stems of 
mice ocularly infected with UL13R on CD8+ T cell accumulation and viral 
pathogenicity. (A–G) Five-week-old female ICR mice were ocularly infected 
with 1 × 106 PFU UL13R per eye. At 5 days after infection, CXCL9 or PBS 
was injected into the brain stems of the infected mice. At 7 days after 
infection, brain stem (A and E) and submandibular lymph node (B and F) 
samples were processed and analyzed for CD8+ T (CD8+, CD3+, and CD45+) 
(A and B) or CD4+ T (CD4+, CD3+, and CD45+) (E and F) cell content by flow 
cytometry. At 7 days after infection, CD8+ T cells purified from brain stem 
(C) and submandibular lymph node samples (D) were assayed for IFN-γ–
producing cell content by ELISPOT assays. At 5 and 7 days after infection, 
viral titers in the brains of infected mice were assayed (G). The results 
from 3 independent experiments (each with 4 mice) were combined. Each 
data point is the number of each type of cells in each tissue of one mouse 
(A–F) or the virus titer in the brain of one mouse (G). (H) Survival was 
monitored daily for 21 days. The results from 4 independent experiments 
(1 with 5 mice and 3 with 6 mice for the CXCL9 injection experiments; and 
1 with 3 mice, 1 with 4 mice, and 2 with 5 mice for the PBS injection exper-
iments) were combined. The statistical significance values were analyzed 
by the Mann-Whitney U test (A–G) or the log-rank test (H).
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nificant fraction of survivors. Our results not only elucidated the 
mechanism of HSV-1 evasion of CD8+ T cells in the CNS, but also 
suggested a new therapeutic approach for treatment of fetal and 
critical HSV-1 encephalitis; i.e., artificial recruitment of HSV-1–
specific CD8+ T cells into infection sites in the CNS may improve 
the prognosis of HSV-1 encephalitis. These therapeutic possibili-
ties may include delivery or induction of CXCL9 and/or CXCL10 
in the HSV-1 infection site in the CNS, or development of drugs 
that inhibit UL13 kinase activity.

Here, we clarified the role of CXCL9 in HSV-1–specific CD8+ 
T cell accumulation in the mouse CNS following ocular infection 
with HSV-1, which appeared to negatively regulate the mortality 
of infected mice; however, it has also been reported that CXCL9 
is required for efficient HSV-1 virulence in mice following ocular 
infection (43). CXCL9 depletion via CXCL9-depleting antibody 
injection was shown to significantly increase the survival of suscep-
tible 129S6 mice following ocular infection with WT HSV-1 (43). 
In agreement with this report, we demonstrated that the survival 
of Cxcl9-knockout ICR mice was significantly greater than that 
of WT ICR mice, following ocular infection with UL13R. CXCL9 
may be necessary for the initiation of a subset of CNS inflamma-
tory responses to HSV-1 infection, the regulation of which is crit-
ical for the lethality of HSV-1 encephalitis (43). In support of this, 
HSV-1 infection has been shown to induce CXCL9 expression, as 
shown here and in earlier studies (43). Collectively, these obser-
vations suggested that CXCL9 played opposing roles in HSV-1 
virulence in the CNS, probably depending on the quantity and/or 
timing of CXCL9 expression during the infection, just like other 
cytokines such as IL-10 do in other viral infections (44, 45). There-
fore, HSV-1 needs to tightly regulate CXCL9 expression, and thus 
has evolved to express UL13 as regulator of CXCL9. Notably, we 
also showed that the survival curve of CXCL9-deficient ICR mice 
was similar to that of WT ICR mice following ocular infection with 
UL13KM. Conceivably, as loss of CXCL9 did not enhance mortali-
ty in UL13KM-infected Cxcl9-knockout mice, a further increase in 
mortality mediated by precluding the negative role of CXCL9, i.e., 
induction of CD8+ T cell accumulation, on viral virulence, may be 
antagonized by the positive role of CXCL9 on viral virulence.

Methods
Cells and viruses. Vero and rabbit skin cells (gifts from Bernard 
Roizman, University of Chicago, Chicago, Illinois, USA), and B6MEFs 
(gift from Noboru Mizushima, University of Tokyo, Tokyo, Japan), an 
immortalized MEF cell line derived from WT C57BL/6J mice, were 
described previously (8, 46). HSV-2.3.2E2 cells (gift from Francis 
Carbone, University of Melbourne, Melbourne, Victoria, Australia) 
(20), a LacZ-inducible CD8+ T cell hybridoma that recognizes HSV-1 
gB498–505, were described previously (8). Mouse neuroblastoma Neuro- 
2a cells (gift from Shinobu Kitazume, RIKEN, Saitama, Japan) were 
maintained in DMEM containing 10% fetal calf serum. HSV-1 WT 
strain HSV-1(F), recombinant Us3-null mutant virus ΔUs3 (R7041), 
recombinant virus ΔUs3R (R7306) in which the Us3-null mutation was 
repaired, and recombinant UL13-null mutant virus ΔUL13 (R7356) 
(gifts from Bernard Roizman), recombinant UL41-null mutant virus 
ΔUL41 (YK476), and recombinant virus ΔUL41R (YK477) in which the 
UL41-null mutation was repaired were described previously (12, 13, 
47–50) (Supplemental Figure 1).

Accumulating data have suggested that the dysregulation of 
CNS inflammatory responses by HSV-1 infection appears to be a 
critical determinant of the lethality of HSV-1 encephalitis (19, 38, 
39). In this study, we showed that the ability of HSV-1 to downreg-
ulate CXCL9 expression and inhibit the accumulation of HSV-1–
specific CD8+ T cells to infection sites in the CNS was correlated 
with an increase in viral mortality in mice. Importantly, we also 
showed that direct injections of CXCL9 and CXCL10 into the 
CNS of HSV-1–infected mice significantly increased the accumu-
lation of HSV-1–specific CD8+ T cells in CNS infection sites and 
reduced mortality of infected mice due to encephalitis. Taken 
together, these observations suggested that HSV-1–specific CD8+ 
T cells infiltrated into CNS infection sites downregulated the 
dysregulation of the inflammatory response in the CNS, thereby 
leading to a significant increase in the survival of infected mice. 
In support of this hypothesis, artificially enhanced infiltration 
of West Nile virus–specific (WNV-specific) CD8+ T cells into the 
CNS in mice was reported to increase viral clearance and reduce 
the inflammatory response within the CNS, leading to significant 
improvement in survival of mice infected with a highly cytopath-
ic strain of WNV (40). Therefore, our study may provide insight 
into the mechanism(s) of immunopathology in CNS infections 
of cytopathic viruses, which is much less clear than the immuno-
pathology of CNS autoimmune diseases and noncytopathic viral 
infections of the CNS, such as multiple sclerosis and lymphocyt-
ic choriomeningitis virus infection, in which inappropriate CNS 
lymphocyte entry is associated with significant immunopatholo-
gy (41, 42). It has been reported that once dysregulation of CNS 
inflammatory responses is initiated after HSV-1 infection in the 
CNS, inhibition of viral replication by anti-herpetic drugs (e.g., 
acyclovir) is not sufficient for preventing fetal HSV-1 encephalitis 
(2, 19), resulting in death or severe neurological defects in a sig-

Figure 7. Effect on viral pathogenicity of direct injection of CXCL9 into 
the brain stems of mice depleted of CD8+ T cells and ocularly infected 
with UL13R. Five-week-old female ICR mice depleted of CD8+ T cells were 
infected with 1 × 106 PFU UL13R per eye. At 5 days after infection, CXCL9 
or PBS was injected into the brain stems of the infected mice. (A) At 5 
and 7 days after infection, viral titers in the brains of infected mice were 
assayed. The results from 2 independent experiments (each with 4 mice) 
were combined. Each data point is the virus titer in the brain of one mouse. 
(B) Survival was monitored daily for 21 days. The results from 4 indepen-
dent experiments (2 with 6 mice and 2 with 3 mice) were combined. The 
statistical significance values were analyzed by the Mann-Whitney U test 
(A) or the log-rank test (B).
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type of each PCR product was confirmed by sequencing (Supplemen-
tal Figure 5A). The male pup harboring the mutation was mated to 
ICR female mice and tested for the germline transmission. To gener-
ate homozygotic Cxcl9-knockout ICR mice or WT mice, which were 
used as a control in the Cxcl9-knockout ICR experiment, each male or 
female mouse heterozygous for the deleted Cxcl9 locus was crossed 
to heterozygous mice. Homozygous Cxcl9-knockout mice or WT mice 
were maintained and used for animal studies.

Primary MEFs. To isolate primary MEFs, 16 dpc embryos from 
either WT or Cxcl9-knockout ICR mice were cut into small piec-
es, incubated in 0.25% trypsin/1 mM EDTA (Wako) and 15 μg 
DNase I (Roche)/ml for 20 minutes at 37°C, then filtered through a 
70-μm-pore-size filter. The cell suspension was cultured in DMEM 
supplemented with 10% FCS.

Animal studies. Female ICR mice were purchased from Charles 
River. For ocular infection, 5-week-old female mice were infected with 
1 × 106 PFU UL13KM or UL13R per eye as described previously (53). 
Survival was monitored daily from 1 to 14 or 21 days after infection. To 
analyze virus antigen and/or titers in infected mouse brains, 5-week-old 
female mice were infected ocularly with 1 × 106 PFU of each of the indi-
cated viruses per eye as described above. At the indicated times after 
infection, mice were sacrificed, and whole brains, eyes, and TGs were 
removed. Virus antigen in the brains and virus titers in the brains, eyes, 
and TGs of these mice were analyzed as described previously (50, 54).

Histopathology and immunohistochemistry. Brains from infected 
mice were perfused with 4% phosphate-buffered paraformaldehyde 
overnight at 4°C and then rinsed with 70% ethanol. The fixed brains 
were embedded in paraffin, sectioned, and stained with hematoxylin. 
Immunohistochemical detection of HSV-1 antigens was performed on 
paraffin-embedded sections as described previously (50). For immu-
nohistochemical detection of other HSV-1 antigens, brains from infect-
ed mice were fixed with 4% phosphate-buffered paraformaldehyde 
overnight at 4°C; washed with PBS; and immersed in 5% sucrose in PBS 
for 1 hour, then in 15% sucrose in PBS for 3 hours, and finally in 30% 
sucrose in PBS overnight at 4°C. Brains were then embedded in OCT 
(Sakura), snap frozen in liquid nitrogen, and sectioned. The frozen 
sections were blocked with TNB buffer (0.5% TSA Blocking Reagent, 
PerkinElmer; 0.1 M Tris-HCl [pH 7.5] and 0.15 M NaCl) containing 
5% normal donkey serum. To block endogenous biotin, the sections 
were further treated with an Avidin/Biotin Blocking Kit (Vector Lab-
oratories), and endogenous peroxidase activity was quenched with 
1% H2O2. The sections were stained with anti–HSV-1 antibody (B0114, 
Dako) overnight at 4°C, washed with PBS containing 0.05% Tween 20, 
and incubated with biotin-conjugated donkey F(ab′)2 anti-rabbit IgG 
(711-066-152, Jackson ImmunoResearch Laboratories Inc.), followed 
by incubation with streptavidin-HRP conjugate (Zymed Laboratories). 
The antigens were detected using tyramide-fluorescein (PerkinElmer) 
according to the manufacturer’s instructions. All sections were then 
counterstained with DAPI (Sigma-Aldrich) and mounted with Perma-
Fluor Aqueous Mounting Medium (Thermo Scientific). The stained 
sections were analyzed using a fluorescence IX71 microscope equipped 
with a digital DP80 camera and CellSens software (Olympus).

Depletion of CD8+ or CD4+ T cells in mice. A dose of 200 μg anti-
CD8α (53.6-72, ATCC) antibody or anti-CD4 (GK1.5, ATCC) antibody 
was administered to 5-week-old female ICR mice by intraperitoneal 
injection 2 days before HSV-1 infection. Administration of each anti-
body dose into mice routinely resulted in >95% depletion of CD8+ or 

Construction of recombinant viruses. Recombinant virus UL13KM 
(YK405), encoding an enzymatically inactive UL13 mutant in which 
lysine at UL13 residue 176 was replaced with methionine (K176M) 
(Supplemental Figure 1), was generated by cotransfection of rabbit 
skin cells with ΔUL13 (R7356) DNA purified as described previously 
(51) and pUL13KM containing a 5.1-kbp AflIII fragment of HSV-1(F) 
DNA containing genes UL12, UL13, UL14, and part of UL15, with a 
K176M mutation in UL13 as described previously (18). UL13R (YK406) 
in which the K176M mutation in UL13KM was repaired (Supplemen-
tal Figure 1) was generated by cotransfection of rabbit skin cells with 
UL13KM (YK405) DNA and AflIII Pst+ in pBSΔV-Kp (18) contain-
ing the 5.1-kbp AflIII fragment of HSV-1(F) DNA into which a silent 
mutation in the wobble base of glutamine at position 219 of UL13 was 
introduced to create a PstI restriction site as described previously (18). 
Plaques were isolated, purified, and screened for the presence of a PstI 
site in the UL13 locus. Recombinant virus ΔUL41R (YK477) in which 
the UL41-null mutation was repaired was generated by the Red-medi-
ated mutagenesis procedure as described previously (49). The geno-
type of each recombinant virus was confirmed by sequencing.

UL13KM (YK405) grew as well as WT HSV-1(F) and UL13R 
(YK406) in Vero cells at an MOI of 5 or 0.01 (Supplemental Figure 
6, C and D). In contrast, growth of UL13KM (YK405) in rabbit skin 
cells was slightly reduced at both MOIs compared with growth of WT  
HSV-1(F) and UL13R (YK406) (Supplemental Figure 6, E and F). These 
results for UL13KM (YK405) were in agreement with those of anoth-
er UL13 kinase-dead mutant virus as reported previously (18). Fur-
thermore, the level of cellular β-actin mRNA in B6MEFs and Neuro- 
2a cells infected with UL13KM (YK405) was similar to that in cells 
infected with WT HSV-1(F) or UL13R (YK406) (Supplemental Figure 
6, A and B). In contrast, in agreement with a previous report (8, 52), the 
level of β-actin mRNA in these cells infected with ΔUL41 (YK476) was 
significantly upregulated compared with that in cells infected with WT 
HSV-1(F) or ΔUL41R (YK477) (Supplemental Figure 6, A and B). UL41 
encodes the HSV-1 vhs protein, which has endoribonuclease activity 
for the degradation of cellular mRNAs in HSV-1–infected cells. These 
results indicated that the kinase-dead mutation in UL13 had no effect 
on vhs activity in infected cells.

Detection of antigen presentation in infected cells. B6MEFs were 
grown in 24-well plates and infected with each of the indicated viruses 
at an MOI of 1. At 12 hours after infection, 1 × 105 HSV-2.3.2E2 cells were 
added to each well, and incubation was continued for an additional 12 
hours. LacZ expression was then assayed as described previously (8).

Generation of Cxcl9-knockout mice by the CRISPR/Cas system. 
Cxcl9-deficient mice were generated by the offset-nicking method of 
the CRISPR/Cas system according to a previous report (28). Briefly, 
gRNAs for offset-nicking were designed at the following loci in Cxcl9 
exon2: 5′-TTATCACTAGGGTTCCTAGGCGG and 5′-TCCTGCAT-
CAGCACCAGCCGAGG (underline indicates protospacer adjacent 
motif [PAM] site). Approximately 4 pl RNA solution, which contained 
100 ng/μl Cas9D10A mRNA and 10 ng/μl of each gRNA, was injected 
into the cytoplasm of each zygote obtained from naturally mated ICR 
female mice. After microinjection, all zygotes were cultured in M16 
medium, and the 2-cell embryos were transferred into the oviducts of 
0.5 days post-coitum (dpc) pseudopregnant recipient mice. After the 
pups’ birth, genome DNA was extracted from the tail tips and subjected 
to PCR using the following primers: 5′-TGGAGGTTTTCTCTTCTTC-
CAAGG-3′ and 5′-TGTCCAGGTTCCTACACTCTCAG-3′. The geno-
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days after infection, CD8+ T cells were purified from white blood cells 
isolated from submandibular lymph nodes and brain stems of infected 
mice as described above using anti-CD8 microbeads (Miltenyi Bio-
tec) according to the manufacturer’s instructions. The purified cells 
routinely contained >80% CD8+ T cells (CD45+, CD3+, CD8α+). The 
CD8+ T cells were incubated with irradiated normal splenocytes (2 × 
105 cells/well) that had been preincubated with or without heat-inac-
tivated HSV-1(F) antigen (equivalent to 2 × 106 PFU/well) for 1 hour 
at 37°C, in 96-well PVDF Membrane ELISPOT plates (Millipore) that 
were precoated with anti–mouse IFN-γ Ab (AN-18; eBioscience) for 72 
hours as described previously (56). The plates were developed with 
anti–mouse IFN-γ mAb (R4-6A2; eBioscience) according to the man-
ufacturer’s instructions (eBioscience) as described previously (56). 
The total number of HSV-1–specific IFN-γ–producing CD8+ T cells per 
brain stem or submandibular lymph node was calculated by subtract-
ing the number of IFN-γ–producing cells in wells without antigen from 
that in wells with HSV-1 antigens, and multiplying by the total number 
of CD8+ T cells isolated per brain stem or submandibular lymph node.

Quantitative RT-PCR. Total RNA from infected cells in cell cultures 
was isolated with a High Pure RNA Isolation Kit (Roche) according to 
the manufacturer’s instructions. For isolation of total RNA from brain 
stems in mice, mice that were mock-infected or infected with UL13KM 
or UL13R were sacrificed at the indicated times after infection. Brain 
stems from mock-infected and infected mice were homogenized in 
TriPure Isolation Reagent (Roche) using a Disposable Pestle System 
(Fisher), and total RNA was then isolated with a High Pure RNA Tis-
sue Kit (Roche) according to the manufacturer’s instructions. cDNA 
was synthesized from the isolated RNA with a Transcriptor First Strand 
cDNA Synthesis Kit (Roche) according to the manufacturer’s instruc-
tions. The amount of cDNA of specific genes was quantitated using 
the Universal ProbeLibrary (Roche) with TaqMan Master (Roche) and 
the LightCycler 96 System (Roche) according to the manufacturer’s 
instructions. Gene-specific primers and universal probes were designed 
using ProbeFinder software (Roche). The primer and probe sequences 
for mouse β-actin were 5′-GGAGGGGGTTGAGGTGTT-3′, 5′-GTGTG-
CACTTTTATTGGTCTCAA-3′, and Universal ProbeLibrary probe 71; 
for mouse Il-6, 5′-GCTACCAAACTGGATATAATCAGGA-3′, 5′-CCAG-
GTAGCTATGGTACTCCAGAA-3′, and Universal ProbeLibrary probe 
6; for mouse Cxcl9, 5′-TGCTAGAGGCAAAAACTCTGTG-3′, 5′-TAG-
GCTCAAGGGCGTGAT-3′, and Universal ProbeLibrary probe 76; for 
mouse Cxcl10, 5′-CCTTGGTCTTCTGAAAGGTGAC-3′, 5′-ACCATG-
GCTTGACCATCATC-3′, and ProbeLibrary Probe 63; for mouse Cxcl11, 
5′-GCTGCTGAGATGAACAGGAA-3′, 5′-CCCTGTTTGAACATAAG-
GAAGC-3′, and ProbeLibrary Probe 76; and for 18S rRNA, 5′-GCAAT-
TATTCCCCATGAACG-3′, 5′-GGGACTTAATCAACGCAAGC-3′, and 
ProbeLibrary Probe 48. The amount of expression of each mRNA was 
normalized to the amount of expression of 18S rRNA. The relative 
amount of expression of each gene in the brain stem was calculat-
ed using the relative standard curve method. The relative amount of 
expression of each gene in cell culture was calculated using the compar-
ative CT (2–ΔΔCt) method (57).

Immunoblotting. Primary MEFs from WT or Cxcl9-knockout mice 
were mock-treated or treated with 20 ng/ml recombinant mouse IFN-γ 
(Peprotech). Cells were harvested at 18 hours after incubation and ana-
lyzed by immunoblotting as described previously (51) with recombi-
nant mouse CXCL9 (Peprotech) as a control. Goat polyclonal antibody 
to CXCL9 (AF-492-NA; R&D Systems), mouse monoclonal antibody 

CD4+ cells in lymph node and spleen (data not shown). CD8+ or CD4+ 
cell depletion was maintained by repeated injections of monoclonal 
anti-CD8α or anti-CD4 antibody at 3-day intervals. Mice depleted of 
CD8+ or CD4+ T cells were ocularly infected with 1 × 106 PFU UL13KM 
or UL13R per eye, survival was monitored, and virus antigen and titers 
were analyzed as described above.

Injection of CXCL9 or CXCL10 into the brain stems of mice. Five-
week-old female mice were infected ocularly with 1 × 106 PFU 
UL13KM or UL13R per eye as described above. At 5 days after infec-
tion, mice were anesthetized, their heads were shaved, and they were 
mounted into a stereotaxic Model 900M apparatus (DKI). The scalp 
was cut to reveal the skull, and two holes were drilled into the skull. 
To target the HSV-1–infected brain stems, Hamilton syringe needles 
were targeted to –0.32 cm (posterior) and ±0.20 cm (lateral) relative 
to bregma, and +0.30 cm (medial) relative to the skull. A total of 2 μl 
of a solution of 200 μg murine recombinant CXCL9 or CXCL10/ml 
(Peprotech) in PBS or 2 μl PBS was delivered over a 2-minute period, 
followed by a 2-minute rest. Needles were removed, and the scalp inci-
sion was closed with thread.

Flow cytometry. Five-week-old female mice were mock-infected 
or infected ocularly with 1 × 106 PFU UL13KM or UL13R per eye as 
described above. At the indicated times after infection, mice were 
sacrificed, and white blood cells in submandibular lymph nodes and/
or spleens were isolated as described previously (8). For isolation of 
white blood cells in brain stems, eyes, or TGs, each tissue from infect-
ed mice was cut into small pieces; incubated in RPMI 1640 containing 
2% fetal calf serum, 1 mg collagenase D/ml (Wako), and 15 μg DNase I  
(Roche)/ml for 30 minutes at 37°C; filtered through a 70-μm-pore-
size filter; suspended in 15 ml 30% Percoll (GE Healthcare) in RPMI 
1640; and centrifuged at 7,800 g for 30 minutes at room temperature 
(55). The myelin debris at the top of the brain stem or TG samples 
was removed, and the layer containing white blood cells above the 
red blood cell layer was collected and washed. The total number of 
viable white blood cells was determined by the trypan blue exclusion 
test. The isolated white blood cells were stained with FITC-conjugat-
ed anti-CD8α (53.6-72; eBioscience) and APC-conjugated anti-CD3ε 
(145-2C11; eBioscience) antibodies, or APC-conjugated anti-CD3ε 
(145-2C11; eBioscience) and PE-conjugated anti-CD45 (30-F11; 
eBioscience) antibodies in combination with PE-Cy7–conjugated 
anti-CD8α (53.6-72; BD) and FITC-conjugated anti-CD4 (GK1.5; BD) 
antibodies at 4°C for 30 minutes. Immediately before flow cytometry 
analysis, 7-amino-actinomycin d (7-AAD; BD) was added to the cells, 
and 7-AAD+ dead cells were excluded from analysis. Multiparame-
ter analyses were performed with a flow cytometer (Verse; BD). The 
total number of CD8+ T cells per brain stem, eye, TG, or submandib-
ular lymph node was calculated by multiplying the fraction of CD45+ 

CD3+CD8α+ cells (i.e., the number of CD45+CD3+CD8α+ cells divided 
by the number of viable 7-AAD– cells) by the total number of viable 
white blood cells isolated per brain stem, eye, TG, or submandibular 
lymph node, respectively. The total number of CD4+ T cells per brain 
stem, eye, TG, or submandibular lymph node was calculated by mul-
tiplying the fraction of CD45+CD3+CD4+ cells (i.e., the number of 
CD45+CD3+CD4+ cells divided by the number of viable 7-AAD– cells) 
by the total number of viable white blood cells isolated per brain stem, 
eye, TG, or submandibular lymph node, respectively.

ELISPOT assays. Five-week-old female mice were infected ocular-
ly with 1 × 106 PFU UL13KM or UL13R per eye as described above. At 7 
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experiments, and analyzed the data. YK conceived and designed 
the experiments, analyzed the data, and wrote the manuscript.
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