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ABSTRACT Over the past 70 years, multiple approaches to develop a prophylactic
or therapeutic vaccine to control herpes simplex virus (HSV) infection have failed to
protect against primary infection, reactivation, or reinfection. In contrast to many
RNA viruses, neither primary HSV infection nor repeated clinical recurrence elicits
immune responses capable of completely preventing virus reactivation; yet the 12
known HSV-1 glycoproteins are the major inducers and targets of humoral and cell-
mediated immune responses following infection. While costimulatory molecules and
CD4/CD8 T cells both contribute significantly to HSV-1-induced immune responses,
the specific effects of individual HSV-1 glycoproteins on CD4, CD8, CD80, and CD86
activities are not known. To determine how nine major HSV-1 glycoproteins affect T
cells and costimulatory molecule function, we tested the independent effects of gB,
gC, gD, gE, gG, gH, gI, gK, and gL on CD4, CD8, CD80, and CD86 promoter activities
in vitro. gD, gK, and gL had a suppressive effect on CD4, CD8, CD80, and CD86 pro-
moter activities, while gG and gH specifically suppressed CD4 promoter activity. In
contrast, gB, gC, gE, and gI stimulated CD4, CD8, CD80, and CD86 promoter activ-
ities. Luminex analysis of splenocytes and bone-marrow-derived dendritic cells
(BMDCs) transfected with each glycoprotein showed differing cytokine/chemokine
milieus with higher responses in splenocytes than in BMDCs. Our results with the
tested major HSV-1 glycoproteins suggest that costimulatory molecules and T cell
responses to the nine glycoproteins can be divided into (i) stimulators (i.e., gB, gC,
gE, and gI), and (ii) nonstimulators (i.e., gD, gK, and gL). Thus, consistent with our
previous studies, a cocktail of select HSV-1 viral genes may induce a wider spectrum
of immune responses, and thus protection, than individual genes.

IMPORTANCE Currently no effective vaccine is available against herpes simplex virus
(HSV) infection. Thus, there is a critical need to develop a safe and effective vaccine
to prevent and control HSV infection. The development of such approaches will
require an advanced understanding of viral genes. This study provides new evidence
supporting an approach to maximize vaccine efficacy by using a combination of HSV
genes to control HSV infection.

KEYWORDS glycoproteins, HSV-1, plasmids, transfection, promoter analysis, Luminex,
cytokines-chemokines, CD4, CD8, CD80, CD86

Of the more than 80 herpes simplex virus 1 (HSV-1) genes, 12 encode proteins that
are modified by the addition of host cell carbohydrates (1–9). These genes are en-

velope proteins and play critical roles in virus attachment, penetration, envelopment,
egress, and membrane fusion (10, 11). Some of these glycoproteins (gB, gC, gD, gE, gG,
gH, gI, gJ, gK, gL, gM, and gN) are also major inducers and targets of humoral- and cell-
mediated immune responses following HSV-1 infection (1–3, 12–14). Glycoproteins
induce specific immune response patterns in mice, including T cell cytokine profiles
and CD41 versus CD81 coreceptor usage (1–3, 12, 15). The activation and regulation of
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T cells are the important aspects of adaptive immunity (16). T cell proliferation, differ-
entiation, and cytokine secretion depend on the binding of CD28 on T cells to CD80 or
CD86 molecules (17), which are expressed on the surface of multiple cell types, includ-
ing B cells, macrophages, dendritic cells (DCs), and T cells (18–21). We and others have
shown that dendritic cells express high levels of CD80 and CD86 costimulatory mole-
cules that provide the signal required for T cell activation and proliferation (22, 23).

We have reported previously that the binding of HSV-1 ICP22 to the CD80 promoter
reduces T cell activation and function, thereby protecting mice infected with HSV-1
(24). We have also shown that the absence of ICP22, using ICP22 null virus, leads to
reduced primary virus replication in the eye and enhanced immune cell infiltration, but
there was no difference in eye disease in ICP22-null-infected and wild-type (WT)-virus-
infected mice (25). We also showed that infection with a KOS-ICP22D40 mutant virus
resulted in higher levels of virus replication in the eye than seen after infection with
ICP22 null virus and enhanced CD80 expression in dendritic cells (22). Overexpression
of CD80 by HSV-1 exacerbated eye disease in infected mice and increased CD81 T cells
in the corneas of infected mice (22, 24, 25).

Previously, we constructed baculovirus recombinant viruses expressing 11 of HSV-1
glycoproteins and characterized them in vitro and in vivo (1–4, 12, 26–34). We have
shown that (i) immunization with gB, gC, gD, gE, or gI completely protects mice against
lethal challenge (26–30); however, eye disease and latency establishment were not elimi-
nated (2, 12). (ii) Immunization with any of the other six glycoproteins did not protect
against lethal challenge (1, 3, 4, 12, 31–34). (iii) A cocktail of seven glycoproteins (7gP),
consisting of the first seven glycoproteins that were recombinantly expressed in our lab
(gB, gC, gD, gE, gG, gH, and gI), provided more efficacious protection than any of these
individual glycoproteins (2, 12, 35) and was more efficacious than Chiron’s choice of
gB1gD (36). Results suggest that the effectiveness of these seven glycoproteins in pro-
tecting against eye disease can be ranked as follows: gD. gB. gI. (gC = gE) . gG.

gH (12). (iv) Immunization with 5gP (consisting of the 7gP without the potentially harm-
ful gG and the ineffective gH) was more efficacious than immunization with 7gP (9).

Since costimulatory molecules CD80 and CD86 strengthen T cell activation and
function (23), we extended our investigation further into the functional behavior of
CD80 and CD86 in viral glycoprotein interactions. Here, we examined the effects of
nine individual major viral glycoproteins on CD80 and CD86 promoter activities
because CD80 and CD86 have functional roles in CD4 and CD8 T cell responses as well
as the effect of these nine viral glycoproteins on CD4 and CD8 promoter activities. Our
results showed that the gD, gK, and gL genes had a suppressive effect on CD80, CD86,
and CD8 promoter activities, whereas gB, gC, gE, gG, gH, and gI upregulated CD80 and
CD86 activities. However, CD4 promoter activities were negatively affected by gD, gK,
and gL genes as well as by gG and gH. Transfected splenocytes and bone-marrow-
derived dendritic cells (BMDCs) responded differently to each glycoprotein than their
infected counterpart. Thus, our results suggest that a proper cocktail of various glyco-
proteins rather than individual or other combinations of them may provide more effec-
tive and long-lasting protection against HSV-1 infection in vivo.

RESULTS
Effect of HSV-1 glycoproteins on CD80, CD86, CD4, and CD8 promoter activities.

A subset of HSV-1 glycoproteins has been shown to play a major role as inducers and
targets of humoral- and cell-mediated immune responses following HSV-1 infection.
Therefore, to determine how the HSV-1 gB, gC, gD, gE, gG, gH, gI, gK, and gL glycopro-
teins affect the promoter activity of CD4, CD8, CD80, and CD86 in vitro, we cloned the
complete open reading frames (ORFs) of their genes into a pVR-1055 backbone as we
described previously (9). The gB, gC, gD, gE, gG, gH, gI, gK, and gL ORFs were described
previously (3, 4, 12, 26–32). We also cloned the promoters of CD4, CD8, CD80, and CD86
into the pGL plasmid to create pGL4-CD4p, pGL4-CD8p pGL4-CD80p, pGL4-CD86p, and
pGL4-empty vector (EV); pGL4-EV was used as a control as we described previously (24).
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Sequences of the CD4, CD8, CD80, and CD86 promoters are shown in Table S1 in the
supplemental material.

We transfected 293 cells with pGL4-CD80p or pGL4-EV DNA and then individually
transfected them with gB, gC, gD, gE, gG, gH, gI, gK, and gL for 48 h. An analysis of lu-
ciferase promoter activity showed that CD80 expression was significantly enhanced by
150-fold in the gE-transfected group (Fig. 1) (P , 0.05). Other glycoproteins, including
gB, gC, gG, gH, and gI, also increased CD80 expression but to a lesser extent. CD80
expression was downregulated in gD-, gK-, and gL-transfected cells, (Fig. 1) (P . 0.05).

To determine the effects of gB, gC, gD, gE, gG, gH, gI, gK, and gL on CD86 promoter
activity, we transfected 293 cells with pGL4-CD86p or pGL4-EV DNA followed by trans-
fection with each individual glycoprotein as described above for Fig. 1. The CD86 pro-
moter luciferase activity after cotransfection with each glycoprotein was determined
48 h posttransfection. We found that CD86 expression was significantly downregulated
in cells transfected with gD (Fig. 2) (P , 0.05), gK (Fig. 2) (P , 0.05), and gL (Fig. 2)
(P , 0.001), whereas CD86 expression was upregulated in cells transfected with gB, gC,
gE, gG, gH, and gI (Fig. 2) (P. 0.05).

We next transfected 293 cells with pGL4-CD4p or pGL4-EV DNA and then individu-
ally transfected cells with gB, gC, gD, gE, gG, gH, gI, gK, and gL for 48 h. Transfected
cells were harvested, and luciferase activity was determined as above. The results
showed that CD4 expression was upregulated in gB- and gC-transfected groups but
was significantly upregulated in cells transfected with the gE and gI glycoproteins
(Fig. 3) (P , 0.05). Furthermore, as shown in Fig. 3, cells transfected with gD, gG, gH,
gK, and gL showed significantly reduced CD4 expression.

Lastly, the effect of the above glycoproteins on CD8 promoter activity was deter-
mined by transfecting 293 cells with pGL4-CD8p or pGL4-EV as a control, followed by
transfecting cells individually with gB, gC, gD, gE, gG, gH, gI, gK, and gL plasmid DNAs.
At 48 h later, the luciferase activity of each transfected group was determined as we
described above and in the Materials and Methods. Similar to CD80 and CD86, CD8
promoter activity was reduced in cells expressing gD, gK, and gL (Fig. 4), while it was
increased in cells expressing gB, gC, gE, gG, gH, and gI.

Based on these results, gD, gK, and gL appeared to downregulate CD80, CD86, CD4,
and CD8 expression by reducing their promoter activity. Furthermore, gG and gH also

FIG 1 Effects of HSV-1 glycoproteins on CD80 promoter activity. 293 cells were transfected with either
pGL4-EV or pGL4-CD80p DNA and then were transfected individually with gB, gC, gD, gE, gG, gH, gI,
gK, or gL plasmid DNAs. The effect of each glycoprotein on CD80 promoter activity was determined 48
h posttransfection as we described in Materials and Methods. Assays were conducted in replicates of
10, and means 6 SEM were calculated from 3 separate experiments (n = 30) for each point. gE is
significantly upregulated compared with gL (P , 0.05), and no significant differences were detected
among other glycoproteins (P . 0.05). All P values were determined using ANOVA statistical analyses.
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appeared to uniquely reduce CD4 promoter activity. These results suggest that the as-
sembly of a properly combined vaccine cocktail may improve the efficacy of an HSV-1
vaccine in vivo.

Cytokine/chemokine expression in transfected or infected spleen cells. The
above results (Fig. 3 and 4) suggest that HSV-1 glycoproteins have distinct effects on
the costimulatory and CD4 and CD8 T cell promoter activities in vitro. To understand

FIG 2 Effects of HSV-1 glycoproteins on CD86 promoter activity. 293 cells were transfected with either
pGL4-EV or pGL4-CD86p DNA and then were transfected individually with gB, gC, gD, gE, gG, gH, gI, gK,
or gL plasmid DNAs. The effect of each glycoprotein on CD86 promoter activity was determined 48 h
posttransfection as we described in Materials and Methods. Assays were conducted in replicates of 10,
and means 6 SEM were calculated from 3 separate experiments (n = 30) for each point. gB is significantly
upregulated compared with gD and gL (P , 0.004); gC is significantly upregulated compared with gD and
gL (P , 0.001); gD is significantly downregulated compared with gE, gG, gH, and gI (P , 0.002); gE is
significantly upregulated compared with gL (P = 0.0003); gG is significantly upregulated compared with gL
(P , 0.0001); gH is significantly upregulated compared with gL (P = 0.0001); and gI is significantly
upregulated compared with gL (P , 0.0001). All P values were determined using ANOVA statistical
analyses.

FIG 3 Effects of HSV-1 glycoproteins on CD4 promoter activity. 293 cells were transfected with either
pGL4-EV or pGL4-CD4p DNA, and then individual plasmids expressing gB, gC, gD, gE, gG, gH, gI, gK,
or gL DNA were cotransfected with plasmid DNAs. The effect of each glycoprotein on CD4 promoter
activity was determined at 48 h posttransfection as we described in Materials and Methods. Assays
were conducted in replicates of 10, and means 6 SEM were calculated from 3 separate experiments
(n = 30) for each point. gB is significantly upregulated compared with gD (P = 0.007); gC is
significantly upregulated compared with gD (P = 0.008); gD is significantly downregulated compared
with gE and gI (P , 0.0001); gE is significantly upregulated compared with gG, gH, gK, and gL
(P , 0.002); gG is significantly downregulated compared with gI (P = 0.0007); gH is significantly
downregulated compared with gI (P = 0.0008); and gI is significantly upregulated compared with gK
and gL (P , 0.002). All P values were determined using ANOVA statistical analyses.
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what effect, if any, these individual nine glycoproteins (gB, gC, gD, gE, gG, gH, gI, gK,
and gL) may have on the expression levels of cytokine/chemokines in spleen cells,
we isolated total spleen cells from WT mice and transfected them with each individ-
ual glycoprotein for 48 h as described in Materials and Methods. Media from transfected
cells were collected, and the expression levels of various cytokines/chemokines were
analyzed by a Luminex assay (Table 1). The Luminex results revealed that interleukin-3
(IL-3) was upregulated only in cells transfected with gC, and its expression was not signif-
icantly (ns) altered in cells transfected with any of the other glycoproteins tested
(Table 1). IL-9 was specifically upregulated in cells transfected with gC, gD, gH, and gL.
Among the chemokines, CXCL10 (IP-10) was significantly upregulated in mouse spleno-
cytes transfected with each of the nine glycoproteins (Table 1). The chemokine (C-C)
motif ligand 2 (CCL2; MCP-1) was upregulated in splenocytes expressing each of the
glycoproteins except gE, while MIP1-a was upregulated only in cells transfected with
the gH, gI, gK, and gL glycoproteins (Table 1). Macrophage colony-stimulating factor
(M-CSF) was upregulated in cells transfected with gD, gE, gH, and gI, but not other viral
glycoproteins (Table 1).

Additional splenocytes were infected with 1 or 10 PFU/cell of HSV-1 strain McKrae
or mock infected for 24 h. At 24 h postinfection (p.i.), media from the culture were col-
lected and processed as above to measure the secretion of various cytokines and che-
mokines. Our data revealed that the majority of chemokines and cytokines were more
highly expressed when splenocytes were infected with 1 PFU/cell than with 10 PFU/cell
of HSV-1 strain McKrae. Of all cytokines and chemokines tested, the expressions of
CXCL10 (IP-10), CXCL1 (KC), MIP-1a, MIP-1b , M-CSF, and CXCL2 (MIP-2) were significantly
upregulated when infected with both 1 and 10 PFU/cell of McKrae virus for 24 h
(Table 1) (P , 0.05). The expressions of granulocyte colony-stimulating factor (G-CSF),
interferon gamma (IFN-g), IL-1a, IL-1b , IL-7, and IL-13 were not detected in splenocytes
transfected or infected in culture media. A lower expression of some cytokines/chemo-
kines after infection with 10 PFU/cell virus could be due to complete lysis of infected
cells.

Cytokine/chemokine expression in transfected or infected BMDCs. Bone mar-
row was isolated from WT mice and processed to generate BMDCs as described in
Materials and Methods. Similar to splenocytes, BMDCs were first transfected with the
nine viral glycoproteins listed above. Unlike CXCL10 (IP-10) which was significantly

FIG 4 Effects of HSV-1 glycoproteins on CD8 promoter activity. 293 cells were transfected with either
pGL4-EV or pGL4-CD8p DNA and then were transfected individually with gB, gC, gD, gE, gG, gH, gI,
gK, and gL plasmid DNA. The effect of each glycoprotein on CD8 promoter activity was determined
48 h posttransfection as we described in Materials and Methods. Assays were conducted in replicates
of 10, and means 6 SEM were calculated from 3 separate experiments (n = 30) for each point. gC is
significantly upregulated compared with gD (P = 0.02), and gD is significantly downregulated
compared with gG and gH (P , 0.01). All P values were determined using ANOVA statistical analyses.
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upregulated in splenocytes transfected with each glycoprotein, CXCL10 (IP-10) was not
significantly expressed in BMDCs transfected with any of the glycoproteins (Table 2).
IL-1b was expressed only in BMDCs transfected with gL, while IL-6 was expressed only
in BMDCs transfected with gE (Table 2). Both IL-1b and IL-6 are broadly known as
proinflammatory cytokines (37, 38). CCL2 (MCP-1) was significantly upregulated in
BMDCs transfected with gB, gD, gE, gG, and gH, while CXCL9 (MIG) was expressed in
BMDCs transfected with gE and gH (Table 2). CCL2 along with CXCL9 are chemokines
which are involved in the recruitment of monocytes, memory T cells, and dendritic
cells to the site of injury (39, 40). Of the various cytokine/chemokines tested, vascular
endothelial growth factor (VEGF) was specifically upregulated in BMDCs transfected
with gB, gD, gE, gG, and gH (Table 2).

BMDCs were also infected with 1 or 10 PFU/cell of McKrae virus for 24 h. IL-1a,
IL-1b , CXCL10 (IP-10), CXCL1 (KC), CCL3 (MIP-1a), CCL4 (MIP-1b), CXCL2 (MIP-2), and
tumor necrosis factor alpha (TNF-a) were all significantly upregulated at both viral
doses, while the remaining tested cytokine/chemokines were significantly upregulated
only at one or the other viral dose (Table 2) (P , 0.05). Expression of G-CSF, eotaxin,
GM-CSF, IFN-g, IL-2, IL-4, IL-3, IL-5, IL-7, IL-10, IL-13, IL-12(p40), IL-12(p70), LIF, or IL-15
was not detected in transfected BMDCs or infected in culture media.

These results suggest that in both transfected spleens and BMDCs, and similar to
promoter activities, glycoproteins affected cytokine/chemokine expression differ-
ently, thus confirming our overall hypothesis that a selective mixture of these nine
glycoproteins may provide broader protection against HSV-1 infection than one or
few glycoproteins.

TABLE 1 Cytokine/chemokine levels in spleen cells transfected with different glycoprotein genes or infected with HSV-1a

Cytokine or
chemokine

Results after transfection with:
Results after infection with
HSV-1

gB gC gD gE gG gH gI gK gL 1 PFU/cell 10 PFU/cell
GM-CSF ns ns ns " ns " ns ns ns " ns
IL-2 ns ns ns ns ns ns ns ns ns ns ""
IL-4 ns ns ns ns ns ns ns ns ns """ ns
IL-3 ns "" ns ns ns ns ns ns ns ns "
IL-5 ns ns ns " ns ns ns ns ns ns ns
IL-6 ns ns ns ns ns ns ns ns ns "" ns
IL-9 ns """" "" ns ns "" "" ns ns ns ns
IL-10 ns ns ns ns ns ns ns ns ns "" ns
IL-12(p40) ns ns ns ns ns " ns ns ns ns ns
IL-12(p70) ns ns ns " ns ns ns ns ns ns ns
LIF ns ns ns ns ns " " ns ns ns ns
CXCL5 (LIX) """" ns ns ns ns ns ns ns ns "" ns
IL-15 ns ns ns " ns " ns ns ns ns ns
IL-17 ns ns ns ns ns ns ns ns ns " ns
CXCL10 (IP-10) """" """" """" "" """" """" """" """" "" """ ""
CXCL1 (KC) " ns " ns ns ns ns ns ns "" "
CCL11 (eotaxin) ns ns ns ns ns ns ns ns ns "" ns
CCL2 (MCP-1) " """ " ns "" "" "" """ "" " ns
CCL3 (MIP-1a) ns ns ns ns ns "" " """ "" """ "
CCL4 (MIP-1b) ns ns ns ns ns " ns ns ns """ "
M-CSF ns ns " "" ns " " ns ns """" ""
CXCL2 (MIP-2) " ns ns ns ns ns ns ns ns "" "
CXCL9 (MIG) ns ns ns ns " ns ns ns ns ns ns
CCL5 (RANTES) " ns ns ns ns ns ns ns ns "" ns
VEGF ns ns ns ns ns ns ns ns ns " ns
TNF-a ns ns ns ns ns ns ns ns ns "" ns
aCytokine/chemokine levels in culture media were analyzed using mouse 32-plex panels and are shown as significant relative to vector-transfected cells. Experimental
procedures are described in Materials and Methods. Briefly, isolated spleen cells from naive mice were transfected with each glycoprotein plasmid or infected with 1 or 10
PFU/cell of HSV-1 strain McKrae. Transfected or infected cell supernatants were collected. Levels of G-CSF, IFN-g, IL-1a, IL-1b , IL-7, and IL-13 did not differ between control
and transfected or infected cells and are not shown. ns, not significant relative to mock-transfected or mock-infected BMDCs. For all statistical tests, P values less than or
equal to 0.05 were considered statistically significant and are marked by a single upward arrow (:). Double upward arrows (::) denote a P value of,0.01, three upward
arrows (:::) equals a P value of,0.001, and our upward arrows (::::) equals P value of,0.0001.
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DISCUSSION

Both CD41 T cell- and CD81 T cell-mediated immune responses have been reported
to be involved in protecting against ocular HSV-1 infection (41–49). The two signals
required to activate T cells are mediated by CD80 and CD86, which are known as costi-
mulatory molecules essential for T cell activation, proliferation, maintenance, and toler-
ance induction after binding to CD28 on T cells (17, 50). We reported recently that
HSV-1 ICP22 contributes to immune escape by suppressing CD80 expression (22, 24,
25). In addition to ICP22, several HSV-1 genes, including ICP47 (51, 52), ICP0 (53, 54),
gE, the gE/gI complex (55–57), and gC (58, 59) have been implicated in mechanisms of
immune escape. Thus, the involvement of various HSV-1 genes in immune escape has
important ramifications for the host adaptive immune response and, thus, also on the
design of an effective vaccine against HSV infection. We previously constructed
recombinant baculoviruses expressing high levels of each of the 11 HSV-1 glycopro-
teins (1–4, 12, 26–34). However, very little is known regarding the direct effect of these
HSV-1 glycoproteins on CD4, CD8, CD80, and CD86 functions. Since we have shown
that ICP22 suppresses CD80 (22, 24, 25) and costimulatory molecules CD80 and CD86
strengthen T cell activation and function, we extended our investigation to study the
direct effect of HSV-1 glycoproteins on CD4, CD8, CD80, and CD86 expression, due to
their important roles in protecting against HSV-1 infection. This information may help
us design a more effective vaccine against HSV infection since many vaccines devel-
oped in mice have not performed well in human studies (36, 60).

Here, we have reported the effects of gB, gC, gD, gE, gG, gH, gI, gK, and gL on CD4,
CD8, CD80, and CD86 promoter activities. After transfecting 293 cells with individual vi-
ral glycoproteins, CD4, CD8, CD80, and CD86 promoters had distinct responses to each
glycoprotein. The CD80 promoter was significantly upregulated in gE-transfected cells
but was not significantly affected by the expression of the other eight glycoprotein
genes. Of note, gE is known to bind the Fc domain of IgG and has a role in blocking or
altering the function of antibodies during cell lysis (57).

Similar to CD80, CD86 is expressed primarily on APCs, especially DCs (50, 61). CD86
promoter activity was significantly downregulated following transfection with gD and
gL but was upregulated by other glycoproteins. Similar to CD80, gE upregulated CD4

TABLE 2 Cytokine/chemokine levels in BMDC transfected with different glycoprotein genes or infected with HSV-1a

Cytokine or
chemokine

Results after transfection with:
Results after infection
with HSV-1

gB gC gD gE gG gH gI gK gL 1 PFU 10 PFU
IL-1a ns ns ns ns ns ns ns ns ns ::: ::::
IL-1b ns ns ns ns ns ns ns ns :: :::: ::::
IL-6 ns ns ns : ns ns ns ns ns :::: ns
IL-9 ns ns ns ns ns ns ns ns ns ns ::
CXCL5 (LIX) ns ns ns ns ns ns ns ns ns ns ::::
IL-17 ns ns ns ns ns ns ns ns ns :::: ns
CXCL10 (IP-10) ns ns ns ns ns ns ns ns ns :::: :::
CXCL1 (KC) ns ns ns ns ns ns ns ns ns : ::::
CCL2 (MCP-1) :::: ns : :: :: :: ns ns ns ::: ns
CCL3 (MIP-1a) ns ns ns ns ns ns ns ns ns :::: :
CCL4 (MIP-1b) ns ns ns ns ns ns ns ns ns :::: ::::
M-CSF ns ns ns : ns ns ns ns ns ns ns
CXCL2 (MIP-2) ns ns ns ns ns ns ns ns ns ::: ::::
CXCL9 (MIG) ns ns ns :: : ns ns ns ns :: ns
CCL5 (RANTES) ns ns ns ns ns ns ns ns ns ::: ns
VEGF :::: ns ::: :::: :: :::: ns ns ns ns ns
TNF-a ns ns ns ns ns ns ns ns ns ::: :::
aCytokine/chemokine levels in culture media were analyzed using mouse 32-plex panels and are shown as significant relative to vector-transfected cells. Experimental
procedures are described in Materials and Methods. Briefly, BMDCs from naive mice were transfected with each glycoprotein plasmid or infected with 1 or 10 PFU/cell of
HSV-1 strain McKrae. Transfected or infected cell supernatants were collected. Levels of G-CSF, eotaxin, GM-CSF, IFN-g, IL-2, IL-4, IL-3, IL-5, IL-7, IL-10, IL-13, IL-12(p40),
IL-12(p70), LIF, and IL-15 did not differ between control and transfected or infected cells and are not shown. ns, not significant relative to mock-transfected or mock-
infected BMDCs. For all statistical tests, P values less than or equal to 0.05 were considered statistically significant and are marked by a single upward arrow (:). Double
upward arrows (::) denote a P value of,0.01, three upward arrows (:::) equals a P value of,0.001, and four upward arrows (::::) a P value of,0.0001.
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activity and gI also increased CD4 activity. Although the role of gE in HSV-1 pathogene-
sis is not known, gE by itself (55) and the gE/gI complex have been shown to bind the
Fc portion of IgG (55, 56). Binding of Fc to gE and to the gE/gI complex may help HSV-
1 escape from immune cytolysis by blocking or altering the function of Fc (57). Thus,
upregulation of CD80 and CD4 by gE may improve protection against HSV-1 infection.
Our results showed reduced CD8 promoter activity in response to the gD, gK, and gL
viral glycoproteins but upregulation of CD8 in all other tested viral glycoproteins.

Among the five glycoproteins with high neutralizing antibodies in immunized mice
and protection against death in ocularly infected mice (i.e., gB, gC, gD, gE, and gI), gD
is the only one that does not induce cytotoxic T lymphocyte (CTL) responses (62). CTLs
play an important role in controlling HSV-1 infection (63). We have previously shown
that gK plays a pathogenic role in HSV-1 infection (64). In contrast to gB, gC, gE, or gI,
we found that gD did not upregulate CD4, CD8, CD80, or CD86 promoter activities,
which may contribute to its lack of protection in a human vaccine study (60). We
reported previously that neither gH (32) nor gL (3) induced neutralizing antibody titers
in vaccinated mice and that vaccinated mice were not protected against ocular HSV-1
infection. In this study, gH upregulated CD8, CD80, and CD86 expression, while gL sup-
pressed CD8, CD80, and CD86 expression and, together, gH and gL suppressed CD4
expression. gH and gL bind to each other, and the cell surface expression of gH
requires that it be coexpressed with gL as a hetero-oligomer (65). In contrast to the
lack of protection in mice following immunization with individual gH or gL (3, 32),
mice vaccinated with a cocktail of gH-gL did induce neutralizing antibody titers and
were protected from lethal challenge. Thus, the absence of protection with individual
gH or gL could be due to their suppressive effect or because the formation of a com-
plex between gH and gL is required to induce neutralizing antibody titers and protec-
tion in immunized mice.

Following foreign antigen stimulation, CD41 and CD81 T cell clones produce specific
cytokine expression patterns in both mice and humans (66, 67). Based on the cytokines
produced, CD41 T cells are designated TH1 or TH2 and CD8+ T cells are designated TC1 or
TC2 (66, 68, 69). Usually, either a TH1/TC1 or a TH2/TC2 cytokine pattern predominates in
response to a specific antigenic challenge (70–72). Studies have shown that viral glyco-
proteins have a role in activating the NF-kB pathway leading to an inflammatory cas-
cade of cytokines/chemokines especially in the case of HSV, where gD-null virions and
soluble forms of gH/gL were sufficient to elicit NF-kB activation (73). Therefore, we
measured the inflammatory response to the individual viral glycoproteins when trans-
fected or infected with HSV-1 McKrae. Based on our Luminex data, HSV-1-infected
BMDCs had a higher proinflammatory response, with a significant upregulation of IL-1a,
IL-1b , IL-6, IL-17, and TNF-a cytokines and chemokines, such as MCP-1, MIP-1a, MIP-1b ,
MIP-2, and CXCL9, than splenocytes infected with HSV-1 McKrae. These cytokines are
well known for their proinflammatory nature (74).

Protection against eye disease and death is much easier to achieve than protection
against virus replication and establishment of latency during HSV-1 infection. Thus,
this study provides new evidence supporting a strategy to maximize vaccine efficacy
by combining a selective cocktail of HSV-1 genes designed to eliminate HSV-1-induced
eye disease and death in ocularly infected mice. Finally, our promoter activation results
could be further mined to identify common transcription factors or pathways that
could lead to specific glycoprotein responsiveness; in other words, they could be used
to regulate the immune responses to achieve therapeutic treatment in the absence of
viral infection.

MATERIALS ANDMETHODS
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 NIH Guide for the Care and Use of Laboratory Animals (ISBN 0-309-05377-3). The ani-
mal research protocol was approved by the Institutional Animal Care and Use Committees of Cedars-
Sinai Medical Center (protocol number 8837).
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Virus and cells. Triple plaque purified WT McKrae was used in this study as we described previously
(75). Rabbit skin cells (used to prepare virus stocks and determine growth kinetics) were grown in
Eagle’s minimal essential media (EMEM) supplemented with 5% fetal calf serum (FCS). Cells were pas-
saged typically at 80% confluence and grown in a 37°C incubator with 5% CO2. Transfection studies
were conducted using HEK 293 cells (ATCC) cultured in EMEM supplemented with 10% fetal bovine se-
rum (FBS). These cells are widely used for transfection study because of their reliable growth and great
transfection efficiency potential (76). Throughout this study, HEK 293 cells are referred to as 293 cells
(24). Mice used in this study were male and female 6-week-old inbred C57BL/6 (The Jackson Laboratory,
Bar Harbor, ME). C57BL/6 mice were used as the source of bone marrow (BM) and splenocytes. BM cells
were used to generate mouse DCs (BMDCs) as we described previously (77). Single-cell suspensions of
spleen cells from individual mice were prepared as we described previously (2).

Plasmids. The complete open reading frame (ORF) for each of the nine HSV-1 glycoproteins (gB, gC,
gD, gE, gG, gH, gI, gK, and gL) was cloned into the pVR-1055 expression vector as we described previ-
ously (9). The pVR-1055 empty vector (EV) was used as negative control. The CD80 promoter (759 bp)
(78), CD86 promoter (700 bp) (24), CD4 promoter (498 bp), and CD8 promoter (468 bp) were synthesized
(GenScript, Piscataway, NJ) and inserted into pGL4 multiple cloning sites to drive the expression of the
luciferase reporter under each of these specific promoters. We refer to these plasmids as pGL4-CD80p,
pGL4-CD86p, pGL4-CD4p, and pGL4-CD8p (Table S1).

Transfection. Transfection experiments were conducted using 293 cells and Gene Porter 2 (Genlantis,
San Diego, CA) as we described previously (22, 24). Briefly, 293 cells were grown to 70% to 80% confluence
in 12-well plates. Immediately before the experiment, plasmids were diluted in the dilution buffer pro-
vided, and transfection reagents were resuspended in EMEM media (no FBS) in individual tubes. The
reagents were then combined, incubated for 5 min, and added to the plates. Cells were transfected with
either promoter-less luciferase plasmid pGL4-EV or luciferase reporter plasmids driven by the CD pro-
moters described above, namely, pGL4-CD80p, pGL4-CD86p, pGL4-CD4p, or pGL4-CD8p. pRL-SV40
(Promega, Madison, WI; catalog [cat.] E2231), a Renilla luciferase reporter plasmid, was used as a cotrans-
fected internal control to monitor baseline cell responses to transfection (10 ng/reaction). By using a dual
luciferase reporter system (Promega), each luciferase plasmid was transfected simultaneously with the
Renilla control plasmid to determine responses within the same cells. Samples were prepared as described
by the manufacturer (Promega). Cells were washed with phosphate-buffered saline (PBS) and lysed in lysis
buffer, and the collected supernatants were transferred to 96-well plates. The luminometer (Promega;
Glomax) was primed with luciferase and Stop & Glow reagents. Assays were conducted in replicates of 10,
and means6 SEM were calculated from 3 separate experiments (n = 30).

Luminex xMAP immunoassay. BMDCs and spleen cells were infected with 1 or 10 PFU/cell of HSV-
1 strain McKrae or mock infected for 24 h. At 24 h postinfection (p.i.), the medium was collected from
infected cells and Luminex assays were performed in the Immune Assessment Core at the University of
California, Los Angeles (UCLA; CA) using mouse 32-Plex magnetic cytokine/chemokine kits (EMD
Millipore, Billerica, MA) according to the manufacturer’s instructions as we described previously (79).
Fluorescence was quantified using a Luminex 200 instrument (Luminex Corp., Austin, TX).

Statistical analysis. Data were analyzed by the Student’s t test, one-way analysis of variance
(ANOVA), or two-way ANOVA using Prism software (GraphPad, San Diego, CA). Multiple comparison tests
were performed using Bonferroni analysis in GraphPad. Results were considered statistically significant if
the P value was ,0.05.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
TABLE S1, DOCX file, 0.03 MB.
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