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ABSTRACT We recently reported that herpes simplex virus 1 (HSV-1) infection sup-
presses CD80 but not CD86 expression in vitro and in vivo. This suppression required
the HSV-1 ICP22 gene. We also reported that overexpression of CD80 by HSV-1 exac-
erbated corneal scarring in BALB/c mice. We now show that this recombinant virus
(HSV-CD80) expressed high levels of CD80 both in vitro in cultured rabbit skin cells
and in vivo in infected mouse corneas. CD80 protein was detected on the surface of
infected cells. The virulence of the recombinant HSV-CD80 virus was similar to that
of the parental strain, and the replication of HSV-CD80 was similar to that of control
virus in vitro and in vivo. Transcriptome analysis detected 75 known HSV-1 genes in
the corneas of mice infected with HSV-CD80 or parental virus on day 4 postinfec-
tion. Except for significantly higher CD80 expression in HSV-CD80-infected mice, lev-
els of HSV-1 gene expression were similar in corneas from HSV-CD80-infected and
parental virus-infected mice. The number of CD8� T cells was higher, and the num-
ber of CD4� T cells was lower, in the corneas of HSV-CD80-infected mice than in
mice infected with parental virus. HSV-CD80-infected mice displayed a transient in-
crease in dendritic cells. Transcriptome analysis revealed mild differences in dendritic
cell maturation and interleukin-1 signaling pathways and increased expression of
interferon-induced protein with tetratricopeptide repeats 2 (Ifit2). Together, these re-
sults suggest that increased CD80 levels promote increased CD8� T cells, leading to
exacerbated eye disease in HSV-1-infected mice.

IMPORTANCE HSV-1 ocular infections are the leading cause of corneal blindness.
Eye disease is the result of a prolonged immune response to the replicating virus.
HSV-1, on the other hand, has evolved several mechanisms to evade clearance by
the host immune system. We describe a novel mechanism of HSV-1 immune evasion
via ICP22-dependent downregulation of the host T cell costimulatory molecule
CD80. However, the exact role of CD80 in HSV-1 immune pathology is not clear. In
this study, we show that eye disease is independent of the level of HSV-1 replication
and that viral expression of CD80 has a detrimental role in corneal scarring, likely by
increasing CD8� T cell recruitment and activation.

KEYWORDS cornea, virus replication, viral transcripts, transcriptome, latency
reactivation, ocular

Herpes simplex virus 1 (HSV-1) ocular infections are the most common cause of
corneal blindness in developed countries (1, 2). An estimated 70 to 90% of the

population is HSV-1 seropositive. HSV-1 ocular infection causes a robust immune
response, resulting in clearance from the site of initial infection. However, HSV-1
establishes lifelong latency in the trigeminal ganglia (TG), from which it can periodically
reactivate (3–6). Recurrent infections and the prolonged inflammatory response after
viral clearance both contribute to corneal scarring (7). Although antiviral medication
and topical corticosteroid therapies can effectively shorten the duration of infection

Citation Tormanen K, Wang S, Ghiasi H. 2020.
CD80 plays a critical role in increased
inflammatory responses in herpes simplex virus
1-infected mouse corneas. J Virol 94:e01511-19.
https://doi.org/10.1128/JVI.01511-19.

Editor Jae U. Jung, University of Southern
California

Copyright © 2020 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Homayon Ghiasi,
ghiasih@CSHS.org.

Received 31 August 2019
Accepted 11 October 2019

Accepted manuscript posted online 16
October 2019
Published

PATHOGENESIS AND IMMUNITY

crossm

January 2020 Volume 94 Issue 2 e01511-19 jvi.asm.org 1Journal of Virology

6 January 2020

https://doi.org/10.1128/JVI.01511-19
https://doi.org/10.1128/ASMCopyrightv2
mailto:ghiasih@CSHS.org
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01511-19&domain=pdf&date_stamp=2019-10-16
https://jvi.asm.org


and dampen the inflammatory response, corticosteroids have side effects (8, 9). Further,
because no current medications can prevent HSV-1 ocular recurrence, it is essential to
understand the mechanisms that lead to HSV-1 ocular pathology so that effective
therapies can be developed.

T cell activation is crucial for clearance of the initial infection (10–12). HSV-1 is
recognized by antigen-presenting cells, such as dendritic cells (DCs), natural killer cells,
and macrophages (13–15), which induce the secretion of interferons (IFNs) and cyto-
kines and the activation of CD4� and CD8� T cells (15). This T cell activation is tightly
controlled and requires at least two signals (16). The first signal, antigen bound to the
major histocompatibility complex class II receptor on the surface of an antigen-
presenting cell (APC), is recognized by T cell receptors (17–19). The second signal
involves the binding of CD28, CTLA-4, or PD-1 on the surfaces of T cells to either of the
APC costimulatory molecules, CD80 (B7-1) or CD86 (B7-2) (20, 21). T cell activation can
also be modulated by the interaction of CD80 with programmed death ligand 1 (PD-L1),
which inhibits T cell proliferation and cytokine production (22). T cell activation results
in rapid cell proliferation, differentiation into different T cell subtypes, and cytokine
production (15).

HSV-1 has evolved several mechanisms to evade clearance by the immune system,
which allows it to establish a lifelong latency. For example, the HSV-1 ICP0 gene
product inhibits the type I IFN pathway at multiple levels during the lytic cycle by
activating NF-�B and increasing the levels of the adaptor protein MyD88 (23–27).
Further, the HSV-1 latency-associated transcript (LAT) inhibits the type I IFN pathway
during latency, which likely contributes to LAT antiapoptotic activity and efficient
establishment of latency and reactivation (28–31).

We recently reported an additional mechanism of HSV-1 immune evasion by
downregulating the host costimulatory molecule CD80 in an ICP22-dependent manner
(32). We have also demonstrated that overexpression of CD80 leads to productive
infection in normally nonpermissive DCs in vitro (33) and to more severe eye disease in
mice (32). Consistent with these findings, ocular infection of mice with HSV-1 lacking
the ICP22 gene produced similar levels of eye disease and angiogenesis, as did infection
with wild-type virus, despite the fact that ICP22-null virus replicates less efficiently and
has lower latency and reactivation than does wild-type virus (34). These results support
the hypothesis that the host immune response, not viral replication per se, is respon-
sible for eye disease.

In this study, we ocularly infected mice with a recombinant virus expressing CD80
under the LAT promoter and found that while overexpression of CD80 had no effect on
CD80 cell surface expression or viral replication, HSV-CD80 virus establishes latency
more efficiently and reactivates with faster kinetics than its parental virus in vivo. Using
fluorescence-activated cell sorting (FACS) analysis and host transcriptome analysis by
RNA sequencing, we demonstrate that overexpression of CD80 by HSV-CD80 leads to
increased recruitment and activation of CD8� T cells. These results support our
previous findings and the conclusion that corneal scarring is a consequence of host
immune response, not viral replication, because infection with HSV-CD80 resulted in
more severe scarring (32), despite its replication being similar to that of the parental
virus. Thus, we have extended our previous work and shown that overexpression of
CD80 has a pathogenic effect during HSV-1 ocular infection.

RESULTS
CD80 is expressed on the surfaces of RS cells infected with HSV-CD80. To

determine whether CD80 expression driven by the HSV-1 LAT promoter in the LAT–/–

mutant is expressed on the surfaces of infected cells, we infected rabbit skin (RS) cells with
0.1, 1.0, or 10 PFU of HSV-CD80 or 10 PFU of the parental dLAT2903 virus as described in
Materials and Methods. CD80 expression in infected cells was visualized using immunoflu-
orescence confocal microscopy. Cell surface expression of HSV-1 gC was used as a control.
CD80 expression was found on the surfaces of cells infected with HSV-CD80, but not on
mock-infected cells or on cells infected with parental virus (Fig. 1A). As expected, CD80
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expression increased in a viral dose-dependent manner. Parallel infected cells stained with
anti-HSV-1 gC antibody showed cell surface expression of gC in both HSV-CD80- and
parental virus-infected cells (Fig. 1B). The expression of gC increased in a dose-dependent
manner, as expected. Further, increased gC expression correlated with increased CD80
expression, as expected.

We also analyzed cells infected with either HSV-CD80 or parental virus or mock
infected for the expression of CD80 and gC by FACS (Fig. 1C). Six percent of cells
infected with HSV-CD80 stained positive for CD80 but not for gC, similar to what
occurred with parental virus- and mock-infected cells (1 and 4%, respectively). A higher
percentage of HSV-CD80-infected cells coexpressed gC and CD80 than did parental
virus-infected or mock-infected cells (27, 1, and 0%, respectively). This difference is
likely due to the two extra copies of CD80 expressed from HSV-1 genome. Together,
these results suggest that infection of RS cells with HSV-CD80 results in cell surface
CD80 expression. Further, this CD80 is largely expressed from the viral gene.

CD80 expression by HSV-CD80 virus does not alter virus replication in mouse
eyes. We have previously shown that the kinetics of HSV-CD80 replication in RS cells is
similar to that of parental virus (33). To determine whether HSV-CD80 virus replication is
similar to that of parental virus in vivo, we infected mouse eyes with 105 PFU/eye of
HSV-CD80 or parental virus and collected corneas on days 3 and 5 postinfection (p.i.). The
total RNA was isolated as described in Materials and Methods. We then measured viral
glycoprotein B (gB) expression as an indicator of viral replication using quantitative reverse
transcription-PCR (qRT-PCR) and found that levels of gB expression did not differ signifi-
cantly in HSV-CD80- and parental virus-infected corneas on day 3 or 5 p.i. (Fig. 2A, P � 0.4
or P � 0.7).

To determine whether overexpression of CD80 affects the amount of viral shedding, we
measured virus titers from the tears of mice infected with HSV-CD80 or parental virus from
days 1 to 7 after ocular infection (Fig. 2B). Viral titers in both HSV-CD80- and parental
virus-infected mice peaked at days 2 and 3 p.i., declined thereafter, and were cleared by day
7 p.i. (Fig. 2B). No significant differences in viral titers were seen between mice infected with

FIG 1 Expression of CD80 on the cell surface of RS cells infected with HSV-CD80. RS cells were either
mock infected or infected with 0.1, 1, or 10 PFU/cell of HSV-CD80 or parental virus. At 16 h p.i., the cells
were stained with antibodies against CD80 (A) or gC (B) and examined for fluorescence. (C) RS cell
monolayers were infected with 1 PFU/cell of recombinant HSV-CD80 or parental virus or were mock
infected for 24 h. Infected cells were harvested and stained with anti-CD8 and anti-gC antibodies and
then analyzed by flow cytometry.
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either HSV-CD80 or parental virus throughout the time course. These results show that,
similarly to gB expression (Fig. 2A), viral replication and shedding in tears are not affected
by CD80 expression.

We next determined infectious viral load in the corneas, TG, and brains of infected
mice by infecting mice as described above and collecting these tissues on days 3, 5, and
7 p.i. Viral titers from the supernatants of homogenized cornea, TG, and brains were
determined using standard plaque assay as described in Materials and Methods. Viral
titers in the corneas of mice infected with HSV-CD80 or parental virus did not differ on
days 3 and 5 p.i. (Fig. 3A, P � 0.05). However, on day 7 p.i., the viral titers were
significantly higher in the corneas of mice infected with parental virus (Fig. 3A, P �

FIG 2 Levels of replication of HSV-CD80 virus and parental virus in mouse corneas are indistinguishable.
(A) Corneas of female BALB/c mice were ocularly infected with 105 PFU/eye HSV-CD80 or parental virus
and harvested on days 3 and 5 p.i. The gB copy number was determined by qPCR. No differences in gB
copy number were seen between the two groups (P � 0.4 and P � 0.7 [Fisher exact test] on days 3 and
5 p.i.). (B) Virus titers were determined from tears of mice infected with either HSV-CD80 or parental virus
on days 1 to 7 p.i. Viral titers peaked around days 2 to 3 p.i., and virus was cleared from tears by day 7
p.i. No significant differences were seen in titers from mice infected with HSV-CD80 or parental virus (P �
0.05 [Fisher exact test]). Error bars represent the SEM.
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FIG 3 Viral expression of CD80 results in faster viral clearance from the cornea. Mice ocularly infected
with either HSV-CD80 or parental virus as described in Fig. 2 were euthanized on days 3, 5, and 7 p.i., and
viral titers were determined in the corneas (A), TG (B), and brains (C) using standard plaque assays. Error
bars represent the SEM, and results were considered significant for P � 0.05 (Fisher exact test).
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0.01). Mice infected with HSV-CD80 had higher viral titers in TG on day 3 p.i. than did
those infected with parental virus (Fig. 3B, P � 0.001), but no statistically significant
differences between these groups were seen on day 5 or 7 p.i. (Fig. 3B, P � 0.05). Viral
titers in the brains of mice infected with either virus (Fig. 3C, P � 0.05) were also not
statistically different. These results suggest that HSV-CD80 may be cleared from the
cornea faster or enter the TG via faster kinetics than the parental virus.

CD80 is expressed on the surfaces of corneas and TG of mice infected with
HSV-CD80. Our in vitro studies described above (Fig. 1) show CD80 expression in
infected RS cells. To determine whether HSV-CD80 infection also results in CD80
expression in vivo, we used FACS analysis to measure CD80 expression in corneas and
TG of mice infected as described above with HSV-CD80 or parental virus. The expres-
sion of the HSV-1 gC was used as an indicator of infection. The percentage of
gC-positive cells increased from days 3 to 5 p.i. in mouse corneas (from 1.8 to 33.4% in
HSV-CD80-infected corneas and from 1.3 to 33.4% in parental virus-infected corneas)
and mouse TG (from 2.4 to 25.1% in HSV-CD80-infected TG and from 0.9 to 15.4% in
parental virus-infected TG (Fig. 4). The percentage of gC-positive cells was slightly
higher on day 3 p.i. in the corneas and TG of mice infected with HSV-CD80 than in
parental virus-infected mice (Fig. 4, 1.8% versus 1.3% and 2.4% versus 0.9%, respec-
tively). The proportion of gC-positive cells remained slightly higher in the TG of mice
infected with HSV-CD80 than in the parental virus-infected group (Fig. 4, 25.1% versus
15.4%, respectively). However, the percentages of infected cells on day 5 did not differ
between mice infected with HSV-CD80 and parental virus-infected corneas (Fig. 4, 33.4
and 33.4%). These results correlate with the viral shedding data in Fig. 2B and support
that viral expression of CD80 does not impair infectivity or viral replication in vivo.
Further, CD80 expression was higher in corneas of mice infected with HSV-CD80 than
in parental virus-infected mice (Fig. 4, 2 and 1.6% on day 3 p.i. and 0.4 and 0.1% on day
5 p.i.). CD80 expression was also higher in HSV-CD80-infected mouse TG than in those
of parental virus-infected mice on day 3 (Fig. 4, 0.7% versus 0.2%) but not on day 5 p.i.

FIG 4 CD80 and HSV-1 gC are expressed on cells of the cornea and TG in mice infected with HSV-CD80. Mice were ocularly infected as described
in Fig. 2. Corneas and TG from infected mice were harvested on days 3 and 5 p.i. Corneas or TG from each mouse were combined, and single
cell suspensions were stained with anti-CD80 and anti-gC antibodies and analyzed by flow cytometry. The percentages of CD80�, gC�, and
CD80�gC� cells on days 3 and 5 p.i. in the corneas and TG of HSV-CD80- and parental virus-infected mice are shown. Experiments were repeated
three times.
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(Fig. 4, 0.2% versus 0.2%), suggesting that CD80 is expressed in mouse corneas and TG
infected with HSV-CD80 in vivo.

HSV-CD80 infection produces increased CD8� T cells and decreased CD4� T
cells in corneas of infected mice. Previous results from our lab suggested that viral
expression of CD80 resulted in increased severity of eye disease (32). However, it is not
clear how HSV-CD80 causes increased pathology. CD80 expression is associated with
increased CD8� T cell production (35), which is beneficial in clearing viral infections,
and we previously reported that exacerbation of corneal scarring in HSV-1 gK-
immunized mice was associated with increased CD8� T cells in infected mouse corneas
(36–39). To determine the effect of viral CD80 expression on different T cell subtypes
and investigate a possible mechanism for increased eye disease, we measured CD4�

and CD8� T cell numbers by FACS analysis. The percentage of CD4� T cells in
HSV-CD80-infected corneas was similar to that in parental virus-infected corneas on
days 3 and 5 p.i. (Fig. 5A, day 3, 1.5% versus 1.4%; day 5, 0.1% versus 0.3%). The
percentages of CD8� T cells were similar in HSV-CD80- and parental virus-infected
corneas on day 3 p.i. (Fig. 5A, 48% versus 54%) but higher on day 5 p.i. (73% versus
51%). The experiment was repeated twice more as described above, with the results
depicted in Fig. 5B. On days 3 and 5 p.i., HSV-CD80 infection resulted in a moderate but

FIG 5 The corneas of mice infected with HSV-CD80 virus have an increased number of CD8� T cells. (A) Mice were ocularly infected as described
for Fig. 2, and corneas or TG were harvested on days 3 and 5 p.i. The corneas or TG from each mouse were combined, and single cell suspensions
were stained with anti-CD3 and anti-CD4 or anti-CD3 and analyzed by flow cytometry. (B) The experiment in panel A was repeated two more
times. The graph represents the average results from three independent experiments. Error bars represent the SEM, and P values were calculated
using a Fisher exact test and were considered significant for P � 0.05.
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statistically significant increase in CD8� T cells compared to the level in mice infected
with parental virus (Fig. 5B, P � 0.04 and P � 0.05). The numbers of CD4� T cells did
not differ between HSV-CD80- and parental virus-infected corneas on day 3 p.i. (Fig. 5B,
P � 0.8), but on day 5 p.i., the HSV-CD80-infected corneas had significantly fewer CD4�

T cells than did the parental virus-infected corneas (Fig. 5B, P � 0.03). Thus, increased
CD8� T cell numbers correlated with increased CD80 expression by HSV-CD80 virus and
with increased corneal scarring, as we reported previously (32).

Viral expression of CD80 is associated with a transient increase in DCs. To
determine whether CD80 expression affects the recruitment of DCs, mice were infected
with HSV-CD80 or parental virus. Corneas from infected mice were isolated on days 3
and 5 p.i., and single cell suspensions were prepared and stained with antibodies
against CD11b and CD11c. FACS analysis showed a higher percentage of CD11b�

CD11c� cells in HSV-CD80 virus-infected corneas than in parental virus-infected cor-
neas (Fig. 6A, 61% versus 43%). By day 5 p.i., the number of CD11b� CD11c� cells had
decreased in both HSV-CD80-infected and parental virus-infected corneas. The num-
bers of CD11b� CD11c� cells did not differ between the two groups on day 5 p.i.,
suggesting that virally expressed CD80 induces a transient increase in DCs.

CD80 expression does not affect cell survival. Enhanced eye disease and faster
viral clearance from the corneas of mice infected with HSV-CD80 could be due to
increased cell death. To determine whether the viral expression of CD80 affects cell
survival, corneas were isolated from infected mice on days 3 and 5 p.i. Single cell
suspensions of infected corneas were prepared, and the numbers of nonviable, apop-
totic, and viable cells in the corneas of infected mice were determined by flow
cytometry. Although the percentage of apoptotic and nonviable cells increased from
day 3 to day 5 p.i. (from 8 and 6% to 12 and 8% in HSV-CD80-infected corneas and from
9 and 6% to 17 and 7% in parental virus-infected corneas) (Fig. 6B), there were no

FIG 6 Overexpression of CD80 is not associated with increased DCs or cell death. The corneas from mice infected with HSV-CD80 or
parental virus were harvested on days 3 or 5 p.i. and processed for flow cytometry. (A) Single cell suspensions were stained with CD11b
and CD11c. The percentages of CD11b�, CD11c�, and CD11b� CD11c� cells are shown. (B) Mice were infected as in panel A, and single
cell corneal suspensions were stained with annexin-V and 7-ADD dye. The percentages of nonviable and apoptotic cells are shown.
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differences in the proportions of nonviable and apoptotic cells between the two groups
on either day, indicating that CD80 expression does not have deleterious effects on cell
survival. These results also suggest that viral clearance and ocular pathology are not
due to increased cell death.

HSV-CD80 ocular infection does not affect the survival of mice. To determine
whether CD80 overexpression plays a role in BALB/c mouse survival, groups of 30 and
20 mice in two separate experiments were ocularly infected with of HSV-CD80 or
parental virus at 105 PFU/eye, and infected-mouse survival was monitored for 28 days.
The mortality of HSV-CD80-infected mice (17/30, 57% survival) did not differ from the
mortality of mice infected with parental virus (13/20, 65% survival) (Fig. 7, P � 0.8
[Fisher exact test]), suggesting that overexpression of CD80 does not affect the survival
of infected mice.

CD80 overexpression enhances latency and reactivation in mice. To determine
whether CD80 overexpression affects latency establishment, we measured the HSV-1
gB copy number on day 28 p.i. in the TG of mice latently infected with HSV-CD80 or
parental virus. The gB copy number was significantly higher in mice infected with
HSV-CD80, than in mice infected with parental virus (Fig. 8A, P � 0.004 [Fisher exact
test]).

Because increased latency correlates with faster time to reactivation (40), we looked
at the time to reactivation in HSV-CD80- and parental virus-infected mice. The TG from
mice that survived ocular infection were isolated on day 28 p.i. and monitored for the
presence of infectious virus by explant reactivation, as described in Materials and
Methods. The average time to reactivation for mice infected with parental virus was
6.5 � 0.3 days, whereas for mice infected with HSV-CD80, the time to reactivation was
significantly shorter at 5.2 � 0.2 days (Fig. 8B, P � 0.0002 [Fisher exact test]). These
results suggest that CD80 overexpression enhances latency and reactivation.

CD80 overexpression results in minimal changes in the host transcriptome. To
investigate the effects of CD80 overexpression on the regulation of gene expression in
mouse corneas, 15 mice per group were infected with HSV-CD80 or parental virus or were
mock infected. On day 5 p.i., corneas from five mice per treatment group were combined,
and the total RNA was isolated. cDNA libraries were prepared from each treatment group
and sequenced, and a comparison of parental virus-infected to uninfected mice identified
2,069 differentially regulated genes (1,253 upregulated, 816 downregulated, P � 0.05) (Fig.
9A and D; see also Table S1 in the supplemental material). Comparison of HSV-CD80-

FIG 7 Viral expression of CD80 does not affect mortality. Mice were ocularly infected with HSV-CD80 or
parental virus as described in legend for Fig. 2. Mouse survival was monitored during a 28-day period
after infection. The graph represents the average results from two independent experiments (P � 0.8
[Fisher exact test]).
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infected mice to uninfected mice identified 1,262 differentially expressed genes, with 596
upregulated and 666 downregulated genes (Fig. 9B and D; see also Table S2 in the
supplemental material, P � 0.05). CD80 expression in mice infected with HSV-CD80 was
2.8-fold higher than in mice infected with parental virus, as predicted based on the two
copies of CD80 present in the HSV-CD80 virus. Between HSV-CD80- and parental virus-
infected mice, nine host genes (including CD80 expressed by HSV-CD80) showed signifi-
cant differences in expression (Fig. 9C and Table S3). Of these genes, six were downregu-
lated in HSV-CD80-infected mice (those encoding major intrinsic protein of lens fiber [Mip],
proline-rich transmembrane protein 2 [Prrt2], and lactase-like protein [Lctl] and the pre-
dicted genes Gm45234, Gm11175, and Gm37988), and three were upregulated (GTPase,
very large IFN inducible 1 [Gvin1], and the predicted genes Gm26690 and Gm20479) (Fig.
9C and D). Principal-component analysis results for various samples (parental versus
uninfected, HSV-CD80 versus uninfected, and parental versus HSV-CD80) are shown in Fig.
9E and reveal some variability between the samples despite combining corneas from five
different animals for each sample.

FIG 8 Overexpression of CD80 enhances latency and reactivation. (A) The viral gB DNA copy number in
the TG of mice latently infected with HSV-CD80 or parental virus was determined by qPCR. The graph
represents an average of 16 TG. Error bars represent the SEM (P � 0.004 [Fisher exact test]). (B) TG from
surviving mice latently infected with HSV-CD80 or parental virus were collected at 28 days p.i. and
cultured. Aliquots of TG culture supernatant were plated daily on RS cells and monitored for cell death.
Each point represents an activation event for a TG. Of HSV-CD80-infected TG, 18/18 reactivated, and
10/10 TG infected with parental virus reactivated. The horizontal line represents the mean time to
reactivation. Values in parentheses represent the mean time to reactivation � the SEM (P � 0.0002
[Fisher exact test]).
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Pathway analysis reveals minor differences in DC maturation and IL-1 signaling
pathways. To determine whether CD80 overexpression alters the activation of specific
pathways, we used the comparison analysis feature of Ingenuity Pathway Analysis
software. Canonical pathways having the largest z scores in mice infected with HSV-
CD80 or parental virus included DC maturation, TREM1 signaling, TH1 pathway, PKC�,
and iNOS signaling (Fig. 10). The calcium-dependent signaling pathway was the top
downregulated pathway in both groups. Pathways differentially regulated in mice
infected with HSV-CD80 include tumor necrosis factor receptor 1 (TNFR1), TNFR2, and
interleukin-1 (IL-1) signaling, which were downregulated compared to their expression
in the parental virus-infected group (Fig. 10). In addition, signaling by Rho family
GTPases and Rho A were downregulated, whereas Rho GDI signaling was upregulated
in HSV-CD80-infected mice compared to parental virus-infected mice (Fig. 10).

To verify the RNA sequencing results, we measured the expression of selected
transcripts in corneas of mice infected with HSV-CD80 or parental virus by using
qRT-PCR. As expected, CD80 expression was significantly higher in corneas of mice
infected with HSV-CD80 than in those infected with parental virus (Fig. 11A, P � 0.001).
Although RNA sequencing results suggested significant differences in the levels of
expression of Gvin1 and Mip between HSV-CD80- and parental virus-infected mice,
these differences did not reach statistical significance using qRT-PCR (Fig. 11, P � 0.05).
We also measured the expression of Ifit1 and Ifit2 (Fig. 11A). Although the expression
of Ifit2 was significantly higher (P � 0.001) in the corneas of mice infected with
HSV-CD80 than in those infected with parental virus, the upregulation of Ifit1 did not

FIG 9 Differential gene expression in mice infected with HSV-CD80 and parental virus. Mice were ocularly infected as described above. Corneas were harvested
on day 4 p.i., and the total mRNA was isolated and sequenced. Transcriptomes of infected mice were compared to those of uninfected naive BALB/c mice. (A
to C) The x axis shows the fold change in gene expression between parental virus-infected and uninfected cells (A), HSV-CD80-infected and uninfected cells
(B), and HSV-CD80-infected and parental virus-infected cells (C), and the y axis shows the statistical significance of the differences. Dots represent different
genes, with red dots representing genes that are statistically different (P � 0.05 [Wald test]) between the different groups and black dots representing genes
that are not statistically significant (P � 0.05 [Wald test]). (D) A heatmap was generated from three replicates of differentially expressed genes (P � 0.05 [analysis
of variance]). (E) A principal-component analysis plot was generated based on the top 500 genes by variance across all samples. Red and blue dots represent
parental virus-infected and uninfected samples (left panel), HSV-CD80-infected and uninfected samples (middle panel), and parental virus-infected and
HSV-CD80-infected samples (right panel), respectively.
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reach statistical significance (P � 0.05). Overall, these results suggest that CD80
expression by HSV-CD80 has a mild effect on host gene expression.

HSV-CD80 infection represses viral gene expression. To determine whether
overexpression of CD80 affects viral gene expression, we annotated the RNA sequenc-
ing results against the published HSV-1 strain 17 genome described in Materials and
Methods. The expression of 75 viral genes in mouse corneas was �2-fold lower in mice
infected with HSV-CD80 than in mice infected with parental virus, although these
results did not reach statistical significance (Table 1). To verify these results, we
determined the number of viral gB transcripts using qPCR. Consistent with the RNA
sequencing results, levels of gB transcript expression did not significantly differ in the
corneas of HSV-CD80- or parental virus-infected mice (Fig. 11B, P � 0.25).

DISCUSSION

A striking feature of HSV-1 is its ability to establish lifelong latency with periodic
reactivation (41, 42). To accomplish this, HSV-1 has evolved several mechanisms to

FIG 10 Differential pathway activation in mice infected with HSV-CD80 or parental virus. Differentially regulated
genes identified by RNA sequencing results were analyzed using the comparison analysis feature of Ingenuity
Pathway Analysis software (Qiagen). Bars represent the z-score, and pathways are ranked according to significance.
The top 42 pathways with a P � 0.05 (Wald test) are shown.
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evade host immune responses (27). Results from our laboratory suggested an addi-
tional mechanism by which HSV-1 evades the host immune system by downregulating
the costimulatory molecule CD80 but not CD86 (32). This was dependent on ICP22,
because infection of 293 cells with viruses lacking ICP22 showed increased CD80
promoter activity compared to wild-type virus-infected cells. Despite reduced viral
replication, reduced latency, and delayed reactivation, infection of mice with HSV-1
lacking ICP22 resulted in eye disease similar to that caused by the parental virus (32,
34). Overexpression of CD80, on the other hand, resulted in increased ocular pathology
(32).

Here, we set out to determine the effects of CD80 overexpression on the course of
HSV-1 infection and to identify the mechanism by which CD80 overexpression increases
corneal pathology in mice. To study the role of CD80 more directly, we used a
recombinant virus with intact ICP22 and two copies of CD80 under the control of the
LAT promoter. Since LAT is the only viral gene expressed at high levels during both
acute and latent infections (43), this approach allowed us to determine the effect of
CD80 during both primary and latent infection. In addition, because ICP22 is intact in
this virus, we can rule out an initial growth defect as a cause for any latency defects.

Our results show that corneal scarring is not a result of increased viral replication or

FIG 11 Ifit2 is upregulated in mouse corneas infected with HSV-CD80. RNA was isolated from corneas of
uninfected, HSV-CD80-infected, or parental virus-infected corneas. qRT-PCR was performed using total
RNA. (A) Expression of CD80, Gvin1, Mip, Ifit1, and Ifit2 in naive mice was used to estimate the relative
expression of each transcript in cornea, and GAPDH was used to normalize the expression of each
transcript. Each bar represents the mean from 30 TG � the SEM. Results were considered significant if
P � 0.05 (Student t test). (B) The estimated relative copy number of the HSV-1 gB transcripts was
calculated using standard curves generated from pAc-gB1. Each bar represents the mean from 30 TG, and
error bars represent the SEM (P � 0.25 [Student t test]).
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TABLE 1 Relative HSV-1 gene expressions in the corneas of mice infected with parental
virus or HSV-CD80 virusa

Gene

Mean expression count � SEM

PParental virus HSV-CD80

UL1 (gL) 1,058.2 � 281.9 804.5 � 278.6 0.82
UL2 759.9 � 204.0 454.26 � 192.2 0.70
UL3 122.4�35.2 69.2 � 29.1 0.70
UL4 126.4 � 39.4 66.9 � 37.9 0.74
UL5 437.6 � 134.0 260.3 � 131.9 0.75
UL6 206.2 � 63.8 102.6 � 48.1 0.69
UL7 131.8 � 42.5 62.7 � 28.3 0.69
UL8 91.7 � 22.4 46.5 � 19.5 0.69
UL9 422.9 � 117.6 233.7 � 110.8 0.71
UL10 (gM) 338.9 � 102.8 185.2 �9 3.0 0.75
UL11 109.5 � 37.5 54.2 � 28.0 0.72
UL12 646.6 � 232.0 285.4 � 144.7 0.69
UL13 875.9 � 301.0 409.0 � 207.0 0.70
UL14 898.6 � 311.8 419.9 � 212.9 0.70
UL15 438.3 � 138.3 255.0 � 125.4 0.75
UL16 158.1 � 50.9 75.1 � 38.5 0.71
UL17 267.9 � 76.6 131.7 � 66.6 0.71
UL18 750.2 � 236.3 349.0 �170.3 0.69
UL19 1,662.0 � 574.5 714.1 � 352.4 0.69
UL20 1,797.2 � 609.7 805.3 � 396.5 0.69
UL21 325.5 � 108.7 155.3 � 73.1 0.69
UL22 (gH) 684.4 � 231.3 325.3 � 172.0 0.70
UL23 1,196.6 � 257.5 656.3 � 379.4 0.73
UL24 806.8 � 256.7 385.2 � 180.8 0.69
UL25 568.9 � 191.6 262.9 � 117.8 0.69
UL26 402.2 � 141.8 159.6 � 66.4 0.69
UL26.5 316.9 � 113.5 122.6 � 46.9 0.69
UL27 (gB) 1,850.0 � 629.5 819.4 � 401.4 0.69
UL28 2031.4 � 705.9 885.7 � 434.7 0.69
UL29 836.5 � 263.1 438.3 � 232.7 0.70
UL30 492.4 � 120.7 330.9 � 167.1 0.81
UL31 358.3 � 88.1 183.0 � 87.6 0.70
UL32 433.6 � 109.6 215.92 � 106.8 0.70
UL33 802.3 � 194.8 366.4 � 183.8 0.69
UL34 773.2 � 180.1 355.4 � 177.5 0.69
UL35 377.4 � 78.5 174.7 � 84.1 0.69
UL36 213.2 � 79.5 111.8 � 60.0 0.70
UL37 224.2 � 84.4 81.5 � 45.8 0.69
UL38 83.4 � 30.1 38.8 � 20.2 0.72
UL39 4,078.2 � 1,272.5 2,297.2 � 1,229.4 0.74
UL40 1,955.2 � 256.2 1,205.2 � 629.2 0.77
UL41 309.0 � 77.8 219.1 � 87.5 0.79
UL42 830.0 � 232.5 430.2 � 218.5 0.71
UL43 30.7 � 14.6 13.8 � 7.2 0.70
UL44 (gC) 1,771.2 � 608.7 959.9 � 454.1 0.72
UL45 710.2 � 249.2 376.8 � 188.4 0.73
UL46 542.5 � 170.7 227.0 � 107.7 0.69
UL47 656.3 � 196.8 276.3 � 129.4 0.69
UL48 1,323.0 � 364.8 851.8 � 425.7 0.81
UL49 755.9 � 222.9 354.8 � 188.9 0.70
UL49A (gN) 1,151.1 � 3 17.6 646.3 � 324.4 0.73
UL50 618.4 � 180.3 266.5 � 137.8 0.69
UL51 80.0 � 26.2 30.0 � 14.2 0.69
UL52 643.6 � 154.5 398.0 � 192.7 0.77
UL53 (gK) 393.3 � 84.9 258.7 � 126.1 0.81
UL54 (ICP27) 315.8 � 123.6 129.8 � 62.4 0.69
UL55 150.9 � 42.4 79.3 � 36.3 0.70
UL56 211.1 � 67.5 102.2 � 43.7 0.69
US1 (ICP22) 1,415.5 � 401.2 688.5 � 334.5 0.70
US2 297.2 � 90.8 183.2 � 85.0 0.76
US3 1,381.5 � 419.4 707.6 � 364.9 0.70
US4 (gG) 1,036.1 � 314.8 525.5 � 282.6 0.70
US5 (gJ) 3,620.4 � 1,100.6 2,178.6 � 1,081.0 0.75

(Continued on next page)
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cell death. Instead, exacerbated pathology is likely caused by increased CD8� T cell
recruitment in mice infected with HSV-CD80. This could be a direct consequence of
CD80 overexpression because CD80 is a potent costimulatory molecule of CD8� T cells
(35). The increase in CD8� T cells is consistent with a study from the Morrison lab that
reported an increase in HSV-specific CD8� T cells after immunization with a replication-
deficient HSV-1 expressing CD80 (ICP8	 vhs	 B7� HSV-1) (44). Schrimpf et al. reported
less severe eye disease in mice immunized with the CD80-expressing recombinant virus
than found by us. This discrepancy could be due to the fact that our study used ocular
infection of naive mice to study eye disease, while the Schrimpf study looked at the
effect of ocular infection of mice that had been immunized with recombinant virus
expressing CD80 and challenged with wild-type virus.

The correlation between increased eye disease and an increase in CD8� T cells
agrees with our previous findings (36–39, 45, 46). For example, overexpression of gK, a
viral glycoprotein that functions in viral egress (reviewed in Jaggi et al. [47]), produced
increased eye disease that was ameliorated by depleting CD8� T cells (36).

Despite HSV-CD80 virus replicating with similar kinetics in vitro and in vivo, mice
infected with HSV-CD80 had significantly higher latency and a faster time to reactiva-
tion. This is likely a consequence of the slightly higher gC expression in TG of mice
infected with HSV-CD80 (Fig. 4), because viral load is known to correlate with latency
and reactivation (3). The positive correlation between latency and reactivation, on the
other hand, is consistent with the literature (48). Higher latency and reactivation have
also been correlated with increased pathology (49). In addition, it is tempting to
speculate that increased latency could be caused by the transient increase in DCs seen
in this study, since we have previously reported that DCs drive latency and reactivation
(50–52).

HSV-CD80 may function similarly to LAT. HSV-1 LAT functions in latency establish-
ment and reactivation because viruses lacking LAT do not establish latency as efficiently
as WT viruses and have delayed reactivation (53, 54). Here, we show that HSV-CD80, in
which LAT is replaced with CD80, establishes higher latency and reactivates faster than
its parental virus lacking LAT (dLAT2903). Further studies are under way to establish the
link between LAT and CD80.

We found that mice infected with HSV-CD80 had a transient increase in DC infil-
trates. Increased DCs could account for the increased T cell recruitment, as DCs are
considered the most potent activators of CD8� T cells (55, 56). We have shown
previously that DCs, which do not support HSV-1 productive infection, are permissive
to the recombinant HSV-CD80 in vitro (33). CD8� T cells cocultured with HSV-CD80-

TABLE 1 (Continued)

Gene

Mean expression count � SEM

PParental virus HSV-CD80

US6 (gD) 3,574.1 � 1,091.2 2,142.6 � 1,065.8 0.74
US7 (gI) 2,072.5 � 664.1 1,223.0 � 621.3 0.74
US8 (gE) 1,764.4 � 556.4 993.7 � 503.5 0.73
US8A 1,073.2 � 334.4 607.9 � 304.1 0.73
US9 704.0 � 237.0 347.1 � 173.7 0.70
US10 1,475.9 � 414.7 777.8 � 387.4 0.72
US11 1,783.2 � 508.9 913.7 � 454.6 0.71
US12 (ICP47) 1,823.7 � 521.1 930.7 � 462.4 0.71
LAT 1,213.3 � 320.1 654.6 � 273.9 0.69
RL (ICP34.5) 8.9 � 0.6 9.4 � 5.0 0.98
RL2 (ICP0) 1,077.6 � 284.9 576.2 � 239.3 0.69
RS1 (ICP4) 106.4 � 46.4 61.0 � 38.2 0.75
aFemale BALB/c mice were ocularly infected with the parental virus or HSV-CD80 at 105 PFU/eye without
corneal scarification. Mice were euthanized on day 28 postinfection, and corneas were excised. The corneas
of five mice were combined into one sample, with three samples for each condition. RNA was isolated from
each sample and sequenced as described in Materials and Methods. Viral genomes were annotated against
HSV-1 strain 17 JN555585.1 (PMID 22417106) (80). Values represent averages of three replicate samples’
normalized expression counts � the SEM. A Student t test was used to obtain the P values.
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infected DCs expressed more IFN-� than did T cells cocultured with parental virus-
infected DCs, suggesting that viral expression of CD80 can enhance T cell activation
(33). Since our results showed an increase in the total number of CD8� T cells, it is
possible that these were activated by infected DCs. Infection of bone marrow-derived
DCs with HSV-CD80 lysed infected DCs in vitro (33); however, in the present study we
did not observe a difference in cell death within corneas of mice infected with
HSV-CD80 or parental virus, suggesting that some effects may be context dependent.
We have shown that HSV-CD80 infection leads to exacerbated eye disease (32). The
increased ocular pathology seen in HSV-CD80-infected mice could be due to reduced
availability of PD-L1 for interaction with PD-1. We previously established that virally
expressed CD80 binds to its ligand PD-L1 in DCs (32). PD-L1 binding to its receptor,
PD-1, dampens T cell activity (57–59). Therefore, CD80 overexpression may sequester
PD-L1, thereby reducing inhibition of T cell activation.

This idea is consistent with a recent report showing that higher CD80 expression
reduces binding of PD-1 to PD-L1 (60) and with a report from the Hendricks group
showing that blocking PD-1–PD-L1 interaction resulted in increased survival of HSV-1-
specific CD8� T cells recognizing a dominant HSV epitope (gB-Tet-CD8� T cells) but did
not protect from HSV-1 reactivation (61). We also observed lower viral titers on day 7
p.i. in the corneas of mice infected with HSV-CD80 compared to parental virus-infected
samples (Fig. 3A). This could also be a result of sequestering PD-L1, because Jeon et al.
reported a negative effect of PD-L1 expression on viral clearance (62).

Based on these results, we propose a model where virally expressed CD80 could
contribute to CD8� T cell activation and exacerbation of eye disease via three mech-
anisms (illustrated in Fig. 12). First, CD80 is a potent costimulatory molecule of CD8� T
cells (35). Second, CD80 binds to and sequesters PD-L1, resulting in reduced inhibition
of T cell activation (57–59). Third, infection with HSV-CD80 resulted in a transient
increase in DCs, which are considered the most potent activators of CD8� T cells (55,
56). We have previously demonstrated a strong correlation between CD8� T cells and
eye disease (36–39, 45), and depletion of CD8� T cells ameliorated eye disease caused
by overexpression of viral glycoprotein gK (36).

FIG 12 Proposed model for increased eye disease caused by overexpression of CD80. Diagram depicting
our model for HSV-CD80’s effect on latency, reactivation, and exacerbated eye disease. Infection with
HSV-CD80 results in activation of CD8� T cells (indicated by arrow 1). CD80 may bind to PD-L1 (indicated
by arrow 2) as we reported previously (33), reducing interaction between PD-1 and PD-L1, which is
known to inhibit T cell activation (blunt arrow). Activated CD8� T cells are the likely cause of exacerbated
eye disease, since CD8� T cells have been linked with eye disease in other reports (36–39, 45). Infection
with HSV-CD80 also results in a transient increase in DCs (arrow 3), which can further activate CD8� T
cells. DCs have been reported to drive latency establishment (52) (dashed arrow), and the level of latency
is correlated with reactivation (48).
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To identify genes that are differentially expressed during infection with HSV-CD80
and parental virus, we analyzed the host transcriptome at 4 days p.i. To our knowledge,
this is the first in vivo analysis of the host transcriptome in HSV-1-infected mouse
corneas. Our findings agree with previous reports from high-throughput in vitro studies
(63–65). For example, expression of several immunomodulatory genes, including IFN-�,
IL-6, IL-1�, and TLR9, was significantly higher in parental virus-infected corneas than in
uninfected samples (Table S1, log2-fold change � 3, P � 0.006). Our results also suggest
activation of TLR, JAK-STAT, and TNFR signaling pathways and upregulation of NF-�B
upon infection with both HSV-CD80 and parental virus. These pathways are known to
be activated upon HSV-1 acute infection, increasing our confidence in the RNA se-
quencing results (Fig. 10).

The top canonical pathways upregulated in HSV-CD80- and parental virus-infected
corneas were DC maturation and TREM1 (triggering receptor expressed on myeloid
cells 1) signaling. The upregulation of components in DC maturation agree with a study
from our lab demonstrating that CD8�� DCs drive HSV-1 latency (66). TREM1 is
expressed on neutrophils and monocytes, and its activation leads to initiation and
amplification of inflammation (67). Linderman et al. demonstrated that the TREM1
pathway is upregulated in HSV-1 latently infected neuronal cultures in response to a
reactivating signal (phosphatidylinositol 3-kinase inhibitor LY294002) and IFN-� but not
IFN-� (68). However, because these pathways were similarly upregulated in both
HSV-CD80- and parental virus-infected mice, it is unlikely that activation of this pathway
is responsible for exacerbated eye disease in HSV-CD80-infected mice.

The fact that we observed a large number of differentially expressed genes in
infected and uninfected mice is impressive, considering that the number of infected
cells in corneas is low at any given time. This suggests that those few infected cells
must express these genes at substantial levels. On the other hand, the relatively small
number of genes that are differentially expressed in HSV-CD80 and parental virus-
infected mice could be because these viruses differ by only one gene, which is also
present in the host.

Comparison of transcriptomes of mice infected with HSV-CD80 or parental virus
revealed nine differentially expressed genes. Because four of the nine genes were
uncharacterized proteins, we did not attempt to verify these findings using alternative
methods. The other five genes were those encoding CD80, as predicted, lactase-like
protein (Lctl), major intrinsic protein of lens fiber (Mip), proline-rich transmembrane
protein 2 (Prrt2), and GTPase, very large interferon inducible 1 (Gvin1). Unfortunately,
we were not able to confirm the differential expression of Gvin1 or Mip using qRT-PCR.
Interestingly, interferon-induced protein with tetratricopeptide repeats 2 (Ifit2) was
slightly upregulated in the corneas of mice infected with HSV-CD80, although this did
not reach statistical significance. However, qRT-PCR verification of RNA sequencing
results showed a 2.6-fold increase in expression of Ifit2, but not Ifit1 (Fig. 11A). Increased
expression of Ifit2 is consistent with our previous study showing increased IFN-�
expression in DCs upon HSV-CD80 infection (33) and increased expression of several
immune infiltrates upon infection with ICP22-null virus (34).

Analysis of viral gene expression revealed no statistically significant differences in
viral transcripts between HSV-CD80- and parental virus-infected mouse corneas. These
results are striking considering that infection with HSV-CD80 exacerbated eye disease
(32). The lack of correlation between eye disease severity and viral copy number also
supports our overall conclusion that corneal scarring is a consequence of host immune
response, not viral replication, and that HSV-1 downregulation of CD80 is a novel
immune evasion mechanism.

In summary, this work is the first to offer insight into the effects of HSV-1 infection
on the mouse cornea transcriptome in vivo. We also provide strong evidence support-
ing the conclusions that (i) corneal pathology is caused by the immune response, not
viral replication or viral gene expression; (ii) HSV-1 downregulation of CD80 is a novel
mechanism of viral immune evasion; (iii) transient reduction of DCs could explain
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enhanced latency and reactivation; and (iv) exacerbated eye disease is likely caused by
enhanced recruitment and activation of CD3� CD8� T cells.

MATERIALS AND METHODS
Ethics statement. All animal procedures were performed in strict accordance with the Association

for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision
Research and the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals
(ISBN 0-309-05377-3). Our animal research protocol was approved by the Institutional Animal Care and
Use Committee of Cedars-Sinai Medical Center (protocol 5030).

Viruses, cells, and mice. Triply plaque-purified dLAT2903 (parental virus), and HSV-CD80 viruses
were used in this study (33). RS cells (used to prepare virus stocks, culture mouse tear films, and
determine growth kinetics) were grown in Eagle minimal essential medium supplemented with 5% fetal
calf serum. Six-week-old female inbred BALB/c mice were used in this study (The Jackson Laboratory, Bar
Harbor, ME).

Immunofluorescence. RS cell monolayers grown on Lab-Tex chamber slides were infected with 0.1,
1, or 10 PFU/cell of recombinant HSV-CD80 or parental virus for 16 h. To examine cell surface immuno-
fluorescence, unfixed, unpermeabilized cells were incubated with FITC-gC (Genway, 20-902-170310) or
FITC-CD80 (BioLegend, San Diego, CA) antibody for 1 h at 25°C. Slides were washed three times with
phosphate-buffered saline (PBS), air dried, fixed with acetone, mounted with Prolong Gold DAPI
mounting medium (Invitrogen), and examined for fluorescence. Images were acquired with a Zeiss
ApoTome-equipped Axio Imager Z1 (Carl Zeiss).

Flow cytometric analysis of infected cells. RS cell monolayers were infected with 1 PFU/cell of
recombinant HSV-CD80 or parental virus or were mock infected for 24 h. Infected cells were harvested
and stained with anti-CD80 and anti-gC antibodies. Stained cells were washed 2
 with FACS buffer (1

PBS with 0.1% sodium azide), resuspended in 4% paraformaldehyde, and analyzed in a BD LSR II flow
cytometer using BD FACSDiva software (BD Biosciences). Postexperiment data analysis was performed
using FlowJo software (TreeStar). Experiments were repeated three times.

Ocular infection and virus titration in the eye. Mice were infected ocularly with 2 �l of tissue
culture media containing 105 PFU/eye of HSV-CD80 recombinant or parental virus without corneal
scarification (69). Tear films were collected from 40 eyes on days 1 to 7 for each group, as described
previously (70). Each swab was placed in 1 ml of tissue culture medium, and the amount of virus in the
medium was determined using a standard plaque assay on RS cells.

Detection of infectious virus in the eye, TG, and brain. BALB/c mice were infected ocularly with
105 PFU/eye of HSV-CD80 recombinant or parental virus. On days 3, 5, and 7 p.i., infected mice were
euthanized, and the eyes, TG, and brain from each mouse were isolated individually. Eyes, TG, and brains
were homogenized, and the debris was removed by centrifugation at 3,000 rpm for 10 min in a Beckman
TA10 rotor. Viral titers in the supernatants of the eyes, TG, and brains from day 3, 5, or 7 p.i. were
determined using a standard plaque assay on RS cells as described previously (71).

Detection of CD4� and CD8� T cells and CD11b� CD11c� cells in the corneas and TG of infected
mice by flow cytometric analysis. Mice were ocularly infected and infected cells were harvested on
days 3 and 5 p.i. Corneas or TG from each mouse were combined, and single cell suspensions of corneas
and TG were prepared as we described previously (48, 66, 72). Single cell suspensions of corneas and TG
were stained with anti-CD3, anti-CD4, anti-CD8� or anti-CD11c, and anti-CD11b antibodies (BioLegend,
San Diego, CA) and then analyzed by flow cytometry as we described previously (73). Experiments were
repeated three times.

Analysis of viable cells by flow cytometric analysis. Mice were ocularly infected, and on days 3
and 5 p.i., infected corneas were harvested and processed for single cell suspension, as we
described previously (48, 66, 72). Single cell corneal suspensions were stained with annexin-V and
7-aminoactinomycin D (7-ADD) dye to determine the proportions of viable, apoptotic, and nonviable
cells as we described previously (74).

RNA extraction, cDNA synthesis, and TaqMan RT-PCR. Infected and mock-infected mice were
euthanized on days 3 and 5 p.i., and TG were harvested and suspended in 500 �l of RNAlater (Qiagen).
Suspensions were stored at – 80°C until processing. Tissue processing and RNA extraction were per-
formed using QIAzol RNA reagent (Qiagen) and 1-bromo-2-chloropropane (BCP) as described previously
(36, 75, 76). Then, 1 �g of RNA was reverse transcribed using random hexamer primers and murine
leukemia virus reverse transcriptase from a high-capacity cDNA reverse transcription kit (Applied
Biosystems, Foster City, CA) according to the manufacturer’s recommendations. The expression of five
transcripts—Ifit1 (Mm00515153_m1; amplicon length, 80 bp), Ifit2 (Mm00492606_m1; amplicon length,
66 bp), Gvin1 (Mm02527660_s1; amplicon length, 81 bp), Mip (Mm00434949_m1; amplicon length,
136 bp), and CD80 (Mm00711660_m1; amplicon length, 117 bp)—was determined using TaqMan gene
expression assays (Applied Biosystems, Foster City, CA). Primer-probe sets consisted of two unlabeled
PCR primers and FAM dye-labeled TaqMan MGB probe in a single mixture. The relative gene expression
was normalized to the expression of the GAPDH (glyceraldehyde-3-phosphate dehydrogenase) house-
keeping gene (Mm999999.15_g1; amplicon length, 107 bp).

The expression of HSV-1 gB was evaluated using custom-made TaqMan gene expression assays
(Applied Biosystems) with forward primer 5=-AACGCGACGCACATCAAG-3=, reverse primer 5=-CTGGTACG
CGATCAGAAAGC-3=, and probe 5=-FAM-CAGCCGCAGTACTACC-3=, as we described previously (36). The
gB amplicon length was 72 bp. The relative copy numbers of the gB DNA were calculated using standard
curves generated from the plasmid pAc-gB1 DNA (77).
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qRT-PCR was performed using QuantStudio 5 (Applied Biosystems) in 384-well plates, as we de-
scribed previously (48, 66). Real-time PCR was performed in triplicate for each tissue sample. The
threshold cycle (CT) values, which represent the PCR cycles at which there is a noticeable increase in
reporter fluorescence above baseline, were determined using SDS v2.2 software.

Viral DNA isolation and copy number determination. TGs from ocularly infected BALB/c mice
were collected on day 30 p.i. Individual TG from each animal were processed for DNA extraction, and the
viral gB copy number was determined as we described previously (36).

In vitro explant reactivation assay. Mice were sacrificed 28 days after infection, and individual TG
were removed and cultured in tissue culture medium, as we described previously (51). Aliquots of culture
medium were removed from the explant daily for 15 days and plated on indicator RS cells to monitor the
appearance of reactivated virus. Because the medium from explanted TG cultures was plated daily, the
time at which reactivated virus first appeared in the explanted TG cultures could be determined.

Library preparation, RNA sequencing, and analysis. Mice were ocularly infected as described
above and euthanized on day 4 p.i. Corneas from five mice for each group were combined into one
sample, with three replicates for each experimental group. Corneas were stored in TRIzol at – 80°C until
they were processed for RNA. RNA was extracted as described previously (36, 75, 76).

Libraries were constructed using the Illumina TruSeq Stranded mRNA library preparation kit (Illumina,
San Diego, CA). Briefly, total RNA samples were assessed for concentration using a Qubit fluorometer
(Thermo Fisher Scientific, Waltham, MA) and for quality using a 2100 bioanalyzer (Agilent Technologies,
Santa Clara, CA). Up to 1 �g of total RNA per sample was used for poly(A) mRNA selection. cDNA was
synthesized from enriched and fragmented RNA by reverse transcriptase (Invitrogen, Carlsbad, CA) with
random primers. The cDNA was further converted into double-stranded DNA (dsDNA), and the resulting
dsDNA was enriched by PCR for library preparation. The PCR-amplified library was purified using
Agencourt AMPure XP beads (Beckman Coulter, Brea, CA). The concentration of the amplified library was
measured with a Qubit fluorometer, and an aliquot of the library was resolved on a bioanalyzer. Sample
libraries were multiplexed and sequenced on a NextSeq 500 platform (Illumina) using 75-bp single-end
sequencing. On average, about 20 million reads were generated from each sample.

Raw reads obtained from RNA-Seq were aligned to the transcriptome using STAR (v2.5.0) (78) and
RSEM (v1.2.25) (79) with default parameters, with a custom human GRCh38 transcriptome reference
downloaded from http://www.gencodegenes.org containing all protein coding and long noncoding RNA
genes based on a human GENCODE version 23 annotation. The viral genome was annotated against
HSV-1 strain 17 JN555585.1 (80).

Expression counts for each gene in all samples were normalized by a modified trimmed mean of the
M-value normalization method, and unsupervised principal-component analysis was performed using
the DESeq2 Bioconductor package v1.10.1 in R version 3.2.2. Each gene was fitted into a negative
binomial generalized linear model, and a Wald test was applied to assess the differential expression
between two sample groups by DESeq2. The Benjamini-Hochberg procedure was applied to adjust for
multiple-hypothesis testing, and differential expression gene candidates were selected with a false-
discovery rate of �0.05. To visualize coordinated gene expression in samples, a two-way hierarchical
clustering with Pearson correlation distance matrix was performed with samples and DEG candidates
using the Bioconductor g-plots package (v2.14.2) in R. Pathway analysis was performed using Ingenuity
Pathway Analysis (Qiagen).

Statistical analysis. Protective parameters were analyzed with the Student t test and the Fisher exact
test using Instat (GraphPad, San Diego, CA). Error bars represent the standard errors of the mean (SEM),
and results were considered statistically significant if the P value was �0.05.
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