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The y,34.5 protein of herpes simplex virus 1 is an essential factor for viral virulence. In infected cells, this
viral protein prevents the translation arrest mediated by double-stranded RNA-dependent protein kinase R.
Additionally, it associates with and inhibits TANK-binding kinase 1, an essential component of Toll-like
receptor-dependent and -independent pathways that activate interferon regulatory factor 3 and cytokine
expression. Here, we show that y,34.5 is required to block the maturation of conventional dendritic cells (DCs)
that initiate adaptive immune responses. Unlike wild-type virus, the vy,34.5 null mutant stimulates the
expression of CD86, major histocompatibility complex class II (MHC-II), and cytokines such as alpha/beta
interferon in immature DCs. Viral replication in DCs inversely correlates with interferon production. These
phenotypes are also mirrored in a mouse ocular infection model. Further, DCs infected with the vy,34.5 null
mutant effectively activate naive T cells whereas DCs infected with wild-type virus fail to do so. Type I
interferon-neutralizing antibodies partially reverse virus-induced upregulation of CD86 and MHC-II, suggest-
ing that y,34.5 acts through interferon-dependent and -independent mechanisms. These data indicate that
v,34.5 is involved in the impairment of innate immunity by inhibiting both type I interferon production and
DC maturation, leading to defective T-cell activation.

Herpes simplex virus 1 (HSV-1) is a human pathogen re-
sponsible for localized mucocutaneous lesions and encephalitis
(51). Following primary infection, HSV-1 establishes a latent
or lytic infection in which the virus interacts with host cells,
which include dendritic cells (DCs), required to initiate adap-
tive immune responses (36). Immature DCs, which reside in
almost all peripheral tissues, are able to capture and process
viral antigens (15). In this process, DCs migrate to lymph
nodes, where they mature and present antigens to T cells.
Mature DCs display high levels of major histocompatibility
complex class II (MHC-II) and costimulatory molecules such
as CD40, CD80, and CD86. Additionally, DCs release proin-
flammatory cytokines such as interleukin-12 (IL-12), tumor
necrosis factor alpha, alpha interferon (IFN-a), and IFN-f,
which promote DC maturation and activation. An important
feature of functional DCs is to activate naive T cells, and
myeloid submucosal and lymph node resident DCs are respon-
sible for HSV-specific T-cell activation (2, 45, 52). Moreover,
DC:s play a direct role in innate antiviral immunity by secreting
type I IFN.

HSV-1 is capable of infecting both immature and mature
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DCs (20, 24, 34, 38, 42). A previous study suggested that HSV
entry into DCs requires viral receptors HVEM and nectin-2
(42). Upon HSV infection, plasmacytoid DCs detect viral ge-
nome through Toll-like receptor 9 (TLRY9) and produce high
levels of IFN-a (16, 23, 30, 40). In contrast, myeloid DCs,
which are major antigen-presenting cells, recognize viral com-
ponents through distinct pathways, independently of TLR9
(16, 36, 40). It has been suggested previously that HSV pro-
teins or RNA intermediates produced during viral replication
trigger myeloid DCs (16, 40). Indeed, a protein complex that
consists of HSV glycoproteins B, D, H, and L stimulates the
expression of CD40, CD83, CD86, and cytokines in myeloid
DCs (41). Hence, DCs sense HSV through TLR-dependent
and -independent mechanisms (16, 40, 41). Nevertheless, HSV
replication compromises DC functions and subsequent T-cell
activation (3, 20, 24, 42). HSV-1 interaction with immature
DC:s results in the downregulation of costimulatory molecules
and cytokines (20, 34, 38, 42). While HSV-2 induces rapid
apoptosis, HSV-1 does so with a delayed kinetics in human
DCs (4, 20, 38). HSV-1 is also reported to interfere with
functions of mature DCs (24, 39). Upon infection, HSV-1
induces the degradation of CD83 but not CD80 or CDS§6 in
mature DCs (24, 25). Additionally, HSV-1 reduces levels of the
chemokine receptors CCR7 and CXCR4 on mature DCs and
subsequently impairs DC migration to the respective chemo-
kine ligands CCL19 and CXCL12 (39).

Although HSV infection impairs DC functions, viral com-
ponents responsible for this impairment have not been thor-
oughly investigated. It has been suggested previously that the
virion host shut-off protein (vhs) of HSV-1 contributes par-
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tially to the viral block of DC activation (43). This activity is
thought to stem from the ability of vhs to destabilize host
mRNA. Emerging evidence suggests that ICPO perturbs the
function of mature DCs, where it mediates CD83 degradation
via cellular proteasomes (25). Findings from related studies
show that ICPO inhibits the induction of IFN-stimulated genes
mediated by IFN regulatory factor 3 (IRF3) or IRF7 in other
cell types (11, 27, 32, 33). However, the link of ICPO activities
to DC maturation remains to be established. Recently, we
found that y,34.5, an HSV virulence factor, associates with and
inhibits TANK-binding kinase 1 (TBK1), an essential compo-
nent of TLR-dependent and -independent pathways that acti-
vates IRF3 and cytokine expression (49). Interestingly, an HSV
mutant lacking y,34.5 stimulates MHC-II surface expression in
glioblastoma cells (47). These observations raise the hypothesis
that y,34.5 may modulate DC maturation during HSV infec-
tion.

In this study, we report that y,34.5 is required to perturb DC
maturation during HSV infection, leading to impaired T-cell
activation. Wild-type virus, but not the v,34.5 null mutant,
suppresses the expression of costimulatory molecules as well as
cytokines in DCs. We provide evidence that the viral block of
DC maturation is associated with reduced IFN-«/B secretion.
Furthermore, the expression of y,34.5 inhibits DC-mediated
allogeneic T-cell activation and IFN-y production. IFN-neu-
tralizing antibodies partially reverse DC maturation induced
by the y,34.5 null mutant. These results shed light on the role
of v,34.5 relevant to DC maturation and T-cell responses in
HSV infection.

MATERIALS AND METHODS

Mice. BALB/c and C57BL/6 mice were purchased from Harlan Sprague Daw-
ley Inc. and housed under specific-pathogen-free conditions in biosafety level 2
containment. Groups of 5-week-old mice were selected for this study. Experi-
ments were performed in accordance with the guidelines of the University of
Illinois at Chicago.

Cells and viruses. Vero cells were obtained from the American Type Culture
Collection and propagated in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum (FBS). Myeloid DCs were generated as
described previously (18). Briefly, bone marrow cells were removed from the
tibias and femurs of BALB/c mice. Following red blood cell lysis and washing,
progenitor cells were plated in RPMI 1640 medium (Invitrogen, Auckland, NZ)
supplemented with 10% FBS, 0.1 mM nonessential amino acids, 1 mM sodium
pyruvate, and 20 ng/ml granulocyte-macrophage colony-stimulating factor (GM-
CSF; Biosource, Camarillo, CA) in six-well plates at 4 X 10° cells/well. Cells were
supplemented with 2 ml of fresh medium every other day. On day 8, DCs were
positively selected for surface CD11c expression by using magnetic beads (Milte-
nyi Biotech, Auburn, CA) to give a >97% pure population of CD11c¢™ MHC-
II-positive cells. DCs displayed low levels of CD40, CD80, CD86, and MHC-II
molecules, characteristic of immature DCs. Purified CD11c* DCs were cultured
in fresh medium with FBS and GM-CSF and used in subsequent experiments.

HSV-1(F) is a prototype HSV-1 strain used in these studies (12). In recom-
binant virus R3616, a 1-kb fragment from the coding region of the v,34.5 gene
was deleted (8).

Viral infection. Purified CD11c* DCs were plated into 12-well plates (5 X 10°
cells/well) and infected with HSV-1(F) or R3616 at the multiplicities of infection
indicated below. After 2 h of incubation, cells were washed with phosphate-
buffered saline (PBS) and resuspended in RPMI 1640 medium supplemented
with 10% FBS and 20 ng/ml of GM-CSF. At different time points after infection,
cells were harvested for analyses. For in vivo analysis, groups of five mice were
anesthetized by intraperitoneal injection with ketamine (100 mg/kg of body
weight) and xylazine (5 mg/kg). HSV-1(F) or R3616 (2 X 10° PFU) was inocu-
lated bilaterally onto the surfaces of scarified corneas of BALB/c mice. On days
1, 3, and 5, whole eyes were collected from sacrificed mice. The corneas were
digested with collagenase type I (Invitrogen, Carlsbad, CA) at 3 mg/ml for 2 h at
37°C. The digested tissues were passed through a 70-wm nylon cell strainer and
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spun down at 2,000 rpm for 5 min at 4°C. The final pellet was resuspended in
complete RPMI 1640 medium, and the single-cell suspension was used for
further analysis.

Reverse transcription-PCR (RT-PCR) analysis. Total RNAs from mock-in-
fected or virus-infected DCs were extracted using the RNeasy kit (Qiagen Inc.,
Valencia, CA). Equal amounts of RNA from each sample were employed to
synthesize cDNA by using random primers as suggested by the manufacturer
(Invitrogen, Carlsbad, CA). cDNAs were then subjected to PCR amplification
for the analysis of ICP27, UL30, and UL44 RNA and 18S rRNA by using specific
primers (primers for 18S rRNA were CGCAGCTAGGAATAATGGAA and
TTATGACCCGCACTTACTGG:; primers for ICP27 RNA were CTGGAATC
GGACAGCAGCCGG and GAGGCGCGACCACACACTGT; primers for
UL30 RNA were ACTAACTTCGACTGGCCCTTC and CCGTACATGTCG
ATGTTCAAG; and primers for UL44 RNA were GCCGCCGCCTACTACCC
and GCTGCCGCGATCGTGATG). PCR products were separated on a 1.5%
agarose gel and visualized with ethidium bromide under UV light.

Mixed lymphocyte reaction. Spleens were harvested from C57BL/6 mice after
cervical dislocation. Single-splenocyte suspensions were prepared by forcing tis-
sue through a fine wire mesh with a syringe plunger and then repeatedly pipetting
it into culture medium. After red blood cell depletion, CD4* T cells were
purified with microbeads according to the instructions of the manufacturer
(Miltenyi Biotech, Auburn, CA) and used as the responder cells. Stimulator cells
were bone marrow-derived DCs from BALB/c mice and were further treated
with UV light before use. The responder cells (10°) were labeled with carboxy-
fluorescein diacetate succinimidyl ester (CFSE; Invitrogen, Carlsbad, CA) and
cocultured with the DC stimulator cells (2 X 10°) in 2 ml of medium. After 48 h,
the proliferation of the responder CD4"* T cells was evaluated using a FACS-
Calibur and the data were analyzed by the gating of CFSE-positive cells with
CellQuest Pro software (BD).

Flow cytometry. Cells were stained with fluorescein isothiocyanate (FITC)- or
phycoerythrin-linked monoclonal antibodies (MAbs) according to the instruc-
tions of the manufacturer (eBioscience, San Diego, CA). Briefly, cells were
blocked with Fcy MADb (0.5 wg/ml) for 30 min at 4°C. After being washed with
PBS, cells were stained with isotype-matched antibodies and anti-CD11c-phyco-
erythrin, anti-MHC-II-FITC, and anti-CD86-FITC antibodies for 30 min on ice
with gentle shaking. Samples were processed and screened using FACSCalibur,
and data were analyzed with CellQuest Pro software (BD).

Flow cytometry analyses of the production of cytokines IL-6, IL-12, IFN-a,
and IFN-B in cells were performed as follows. Single-cell suspensions were
stimulated in 96-well plates with anti-CD3 (5-pg/ml) and anti-CD28 (5-pg/ml)
MADbs for 12 h at 37°C in 5% CO,, after which monensin (2 pg/ml) was added
and the plates were incubated for 4 h. After being washed twice with PBS, cells
were blocked with 1 pl of Fcy MAb (0.5 pg/ml) for 30 min at 4°C and fixed with
4% paraformaldehyde at 4°C for 15 min before being permeabilized with buffer
(eBioscience, San Diego, CA) at 4°C for 10 min. After being washed once with
PBS, cells were stained with appropriate isotype controls and anti-IL-6-FITC,
anti-IL-12-FITC, anti-IFN-a-FITC, and IFN-B-FITC antibodies (PBL Labora-
tories, Piscataway, NJ). Samples were processed and screened using FACS-
Calibur, and data were analyzed with CellQuest Pro software (BD).

To determine viral infectivity, DCs mock infected or infected with viruses were
fixed in 4% paraformaldehyde (Sigma) and permeabilized in permeabilizing
buffer (eBioscience, San Diego, CA). Cells were blocked with 5% normal mouse
serum (Sigma), incubated with a MADb against HSV-1 ICP27 (Virusys, Sykesville,
MD), and allowed to react with a goat anti-mouse FITC-conjugated antibody
(Santa Cruz Biotech, CA). ICP27 expression was evaluated by flow cytometry.

IFN bioassay. Culture media from mock-infected or virus-infected DCs were
collected and treated with UV light to inactivate virus. Where indicated, 30
pg/ml of neutralizing antibodies specific to mouse IFN-a/B (PBL Laboratories,
Piscataway, NJ) was added to the media. Samples were incubated with Vero cells
overnight and washed with PBS. Vero cells were subjected to infection with
vesicular stomatitis virus expressing green fluorescent protein (VSV-GFP; 10
PFU/cell). At 10 h after infection, cells were harvested and analyzed by flow
cytometry using FACSCalibur and data were analyzed with CellQuest Pro soft-
ware (BD).

Plaque assay. To determine the titer of infectious virus, virus-infected DCs
were harvested and freeze-thawed three times. Eye tissues were collected from
mice and mechanically homogenized. Samples were serially diluted in 199v
medium, and viral yields were titrated on Vero cells at 37°C.

Immunohistochemistry analysis. Tissue sections for immunohistochemistry
analysis were deparaffinized with xylene and rehydrated through a series of
graded ethanols. Endogenous peroxidase activity was quenched using a 0.3%
H,0,-methanol bath followed by several washes with PBS. HSV-1 antigens were
detected using a 1:1,000 dilution of an HSV-1-specific antiserum raised in a
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FIG. 1. (A) Viral infection of immature CD11c* DCs. Bone marrow-derived DCs grown in the presence of GM-CSF were mock infected or
infected with wild-type virus HSV-1(F) or R3616, lacking the y,34.5 gene, at different multiplicities of infection. At 9 h after infection, viral
infectivity was determined by examining ICP27 expression as described in Materials and Methods. (B) Effects of viral infection on cell viability.
Immature DCs were mock infected or infected with viruses (2 PFU/cell). Cell viability was measured by the trypan blue exclusion method at the
indicated time points. (C) Viral gene expression in immature DCs. Cells were mock infected or infected with viruses as described in the legend
to panel B. Total RNAs were extracted and subjected to RT-PCR amplification for the analysis of ICP27 (o gene), UL30 (B gene), and UL44 (y
gene) RNA and 18S rRNA. The DNA bands were quantified using NIH ImageJ software. Numbers denote the ratios of the amounts of ICP27,
UL30, and UL44 RNA to the amount of 18S RNA. (D) Viral growth in immature DCs. Cells were infected with HSV-1(F) or R3616 (2 PFU/cell).
At different time points, cells were harvested and freeze-thawed three times and virus titers on Vero cells were determined.

rabbit (Dako) as described previously (48). Tissue sections were incubated with
primary antibody at 43°C prior to the addition of biotinylated anti-rabbit immu-
noglobulin secondary antibody, avidin-horseradish peroxidase, and 3,3'-diami-
nobenzidine tetrahydrochloride (0.04%) in 0.05 M Tris-HCI (pH 7.4) and
0.025% H,0, as a chromogen (Ventana Medical Systems, Tucson, AZ).

RESULTS

HSV-1 lacking the y,34.5 gene is capable of infecting im-
mature DCs. As an initial step, we sought to compare the
susceptibilities of DCs to infection with the y,34.5 null mutant
and wild-type virus. Purified CD11c” DCs were generated
from bone marrow in the presence of GM-CSF. These cells,
constituting 95% of CD11c* CD11b™" conventional DCs, were
exposed to wild-type HSV-1(F) and R3616 which lacks the
v,34.5 gene. ICP27 expression, as a measure of infectivity, was
examined by fluorescence-activated cell sorter analysis. As
shown in Fig. 1A, the number of ICP27-positive cells increased
in a multiplicity-of-infection-dependent manner. At a multi-
plicity of infection of 2, more than 85% of cells were positive
for ICP27 expression. A higher dose did not increase infectiv-
ity. HSV-1(F) and R3616 infected DCs comparably. A cell

viability assay showed that at a multiplicity of infection of 2,
90% of DCs infected with R3616 were viable throughout in-
fection (Fig. 1B). A similar result for HSV-1(F)-infected DCs
at 5 or 10 h postinfection was seen. There was a slight reduc-
tion in the viability of HSV-1(F)-infected cells at 20 h, when
75% of cells were viable.

To assess viral gene expression, total RNA extracted from
infected DCs was subjected to RT-PCR amplification (Fig.
1C). At the early time point (5 h), ICP27 expression was de-
tectable in both HSV-1(F)- and R3616-infected cells, but its
level was 3.75-fold higher in HSV-1(F)-infected cells. UL30
was expressed only weakly in HSV-1(F)-infected cells, and its
level was 3.75-fold lower than that of ICP27. No UL44 was
detectable. As virus infection progressed to late time points (10
and 20 h), basically the same levels of ICP27 and UL30 were
observed. Levels of UL44 were 14 to 30% higher in HSV-1(F)-
infected cells than in R3616-infected cells. We further mea-
sured the production of infectious virus in immature DCs in-
fected at 2 PFU per cell. The results presented in Fig. 1D show
that HSV-1(F) replicated to a titer of 6.2 X 10> PFU/ml at 12 h
postinfection and increased to 1.9 X 10* PFU/ml at 48 h
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FIG. 2. Effects of y,34.5 on the expression of cell surface molecules. (A) MHC-II expression. Immature DCs were mock infected or infected
with HSV-1(F) or R3616 (2 PFU/cell). As a positive control, cells were treated with LPS (0.5 wg/ml). At 12 h postinfection, cells were assessed
for MHC-II expression by flow cytometry. Shaded areas, control staining by isotope antibody; open areas, staining by a specific antibody. Numbers
denote levels of mean fluorescence intensity (MFI). (B) CD86 expression. Immature DCs, mock infected or infected with viruses as described in
the legend to panel A, were stained for CD86 expression. (C) Time course of MHC-II expression. Immature DCs were mock infected or infected
with viruses (2 PFU/cell). At 3, 6, 9, 12, and 24 h postinfection, cells were stained for MHC-II expression. (D) Time course of CD86 expression.
Cells were treated as described in the legend to panel C and stained for CD86 expression.

postinfection. In contrast, R3616 barely grew, with virus yields
remaining at approximately 1.2 X10? PFU/ml over the course
of infection. Wild-type virus and the v,34.5 null mutant were
able to infect immature DCs and express viral RNA, but the
v,34.5 null mutant was severely impaired in viral production.

The +v,34.5 protein is required to suppress HSV-induced
maturation of DCs. Based on the above-described analyses, we
assessed the impact of vy,34.5 on DC maturation. Immature
CD11c" DCs, mock infected or infected with viruses (2 PFU/
cell), were subjected to fluorescence-activated cell sorter anal-
ysis at 12 h after infection (Fig. 2A and B). We chose to use a
multiplicity of infection of 2 because the majority of cells
(>85%) are infected and viable after virus infection at this
level. As expected, lipopolysaccharide (LPS) induced the up-
regulation of MHC-II and CD86 expression compared to that
in control mock-infected cells. R3616 also stimulated the ex-
pression of MHC-II and CD86, although the magnitude was
lower than that for LPS. In contrast, HSV-1(F) reduced the
expression of MHC-II slightly and had no stimulatory effect on
CD86. To monitor the kinetics of costimulatory-molecule up-

regulation, virus-infected DCs were analyzed over a 24-h pe-
riod. As illustrated in Fig. 2C and D, in HSV-1(F)-infected
cells, the expression of MHC-II and CD86 was maintained at
basal levels, which were comparable to or slightly lower than
those in mock-infected cells at the time points examined. Sim-
ilar phenotypes in cells infected with R3616 were seen at 3
and 6 h after infection. As infection progressed to 9 h,
R3616 stimulated MHC-II and CD86 expression signifi-
cantly, and expression further increased at 12 and 24 h after
infection. These results suggest that vy,34.5 is required to
suppress HSV-induced upregulation of costimulatory mole-
cules in immature DCs.

We next analyzed cytokine production by intracellular stain-
ing with antibodies against IL-6, IL-12, IFN-a, and IFN-B. As
shown in Fig. 3A and B, both HSV-1(F) and R3616 stimulated
the expression of IL-6 and IL-12 throughout infection com-
pared to that in mock-infected cells. At 24 h after infection,
R3616 induced more cells to produce IL-6 and IL-12 than
HSV-1(F). However, the expression patterns for IFN-a and
IFN-B were different (Fig. 3C and D). Compared to the pro-
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FIG. 3. Effects of y,34.5 on cytokine expression. Immature DCs were mock infected or infected with HSV-1(F) or R3616 (2 PFU/cell). At 9,
12, and 24 h postinfection, cells were processed and analyzed by flow cytometry, as described in Materials and Methods. (A) IL-6 expression. Cells
were stained with anti-IL-6 antibody. (B) IL-12 expression. Cells were stained with anti-IL-12 antibody. (C) IFN-a expression. Cells were stained
with anti-IFN-a antibody. (D) IFN-B expression. Cells were stained with anti-IFN-f antibody. The data are representative of results from two or

three independent experiments with triplicate samples.

portion among mock-infected cells, HSV-1(F) infection mod-
estly increased the proportion of IFN-a-positive DCs. This
effect was not seen for IFN-B-positive cells at any of the time
points examined. In striking contrast, R3616 infection in-
creased IFN-a- and IFN-B-positive cells drastically. Thus, un-
like wild-type virus, the v,34.5 null mutant stimulated IFN-o/
expression in DCs. These results suggest that y,34.5 is involved
in blocking the maturation of DCs during HSV infection.
The interference of y,34.5 with DC maturation is linked to
reduced IFN secretion. We further evaluated the IFN-o/p se-
cretion among DCs by a bioassay. CD11c* DCs were mock
infected or infected with HSV-1(F) or R3616, and the media
were collected and irradiated with UV. The conditioned me-
dia, irradiated with UV, were incubated with Vero cells in the
presence or absence of neutralizing antibodies against IFN-
a/B. Vero cells were then subjected to infection with VSV-
GFP, a virus sensitive to IFN. In this assay, the GFP signal
inversely correlates with the IFN level. As revealed by flow
cytometry analysis (Fig. 4A), in the absence of neutralizing
antibodies against IFN-«/B, only 8.4% of mock-infected or
4.4% of HSV-1(F)-infected cells remained GFP negative. In
contrast, 46.3% of R3616-infected cells were GFP negative,
indicative of increased IFN secretion. Remarkably, the addi-
tion of antibodies against IFN-a/B to R3616-infected cells re-
duced GFP-negative cells to 6.27%. Neutralizing antibodies
had modest effects on cells mock infected or infected with

HSV-1(F), which is due likely to a low level of IFN production.
We conclude that the v,34.5 null mutant indeed stimulated
IFN-a/B production in DCs and that wild-type virus sup-
pressed IFN-a/B expression.

To determine whether IFN secretion was required for DC
maturation, DCs, mock infected or infected with viruses, were
treated or left untreated with anti-IFN-o/B antibodies. At 12 h
after treatment, cells were analyzed for MHC-II and CD86
expression. As shown in Fig. 4B and C, R3616 but not HSV-
1(F) stimulated the expression of MHC-II and CD86 in DCs
untreated with anti-IFN-o/f antibodies. Notably, treatment
with anti-IFN-o/B antibodies led to a decrease in MHC-II and
CDS86 expression when DCs were infected with R3616. This
reduction was partial but statistically significant (33%). Treat-
ment with anti-IFN-«/B antibodies had a minor effect on HSV-
1(F)-infected or mock-infected cells. Hence, these experimen-
tal results suggest that the inhibition of IFN production by
v,34.5 contributes to impaired DC maturation. In addition,
v,34.5 appears to exert its activity independently of IFN pro-
duction.

Viral modulation of DC maturation is independent of viral
DNA replication. To test whether viral DNA replication is
linked to DC maturation, DCs were mock infected or infected
with viruses in the presence or absence of phosphonoacetic
acid (PAA; 400 pg/ml), a viral DNA polymerase inhibitor. At
12 h postinfection, cells were stained for the expression of
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FIG. 4. (A) IFN-«/B secretion in immature DCs. Cells were mock infected or infected with HSV-1(F) or R3616 (2 PFU/cell) in the presence
or absence of anti-IFN-o/B antibodies (Ab-IFN-«/B; 10 pg/ml). At 12 h postinfection, the media were collected and irradiated with UV light (0.25
J/em?). Vero cells, incubated with the media overnight, were then subjected to infection with VSV-GFP (10 PFU/cell). Cells were then assayed
for a GFP signal by flow cytometry analysis. Filled areas represent VSV-GFP-positive cells. Open areas denote VSV-GFP-negative cells. Numbers
are percentages of GFP-negative cells. (B) Effect of anti-IFN-a/B antibodies on MHC-II expression. Immature DCs were mock infected or infected
with viruses (2 PFU/cell) in the presence (+) or absence (—) of anti-IFN-o/f antibodies (10 wg/ml). At 12 h postinfection, cells were stained for
MHC-II expression and analyzed by flow cytometry. MFI, mean fluorescence intensity; Ab, antibody. (C) Immature DCs treated as described in
the legend to panel B were stained for CD86 expression. The data represent results from one of two or three independent experiments with

triplicate samples.

MHC-II, CD86, IFN-«, and IFN-B. As shown in Fig. 5A,
unlike mock infection or HSV-1(F) infection, R3616 infection
stimulated MHC-II expression. Similarly, R3616 but not HSV-
1(F) stimulated the expression of CD86 (Fig. 5B), IFN-a (Fig.
5C), and IFN-B (Fig. 5D). Notably, these phenotypes were not
affected by PAA, an inhibitor of viral DNA replication (data
not shown), suggesting that HSV modulation of DC matura-
tion is independent of viral DNA replication.

The v,34.5 protein attenuates the capacity of DCs to stim-
ulate T-cell activation. Because functional DCs stimulate T-
cell responses, we determined the effect of vy,34.5 on T-cell
activation. Immature DCs were mock infected or infected with
viruses at 2 PFU per cell. At 12 h after infection, cells were
treated with UV light to inactivate viruses. In parallel, a set of
uninfected cells were stimulated with LPS as a control. The
cells were cocultured with allogeneic CD4* T cells for 48 h,
and cell proliferation was analyzed by flow cytometry. As
shown in Fig. 6A, CD4" T cells alone exhibited 2.2% sponta-
neous proliferation whereas LPS stimulated a strong level of
proliferation, with 89.72% of CD4" T cells being activated.
Mock-infected DCs activated T-cell proliferation by 47.38%,
which represents a background level. R3616-infected DCs in-

duced a significantly higher level of T-cell proliferation
(67.7%) than mock-infected cells. However, wild-type HSV-
1(F)-infected DCs stimulated T-cell proliferation weakly
(29.25%).

We next measured IFN-y expression by CD4™ T cells after
coculture with DCs (Fig. 6B). As expected, T cells alone
showed a background level of IFN-y production (0.98% of
cells were positive for isotype antibody staining) and LPS in-
duced the expression of IFN-y (resulting in 53.26% IFN-y-
positive cells). Similarly, R3616-infected DCs induced a higher
percentage of IFN-y-positive T cells (39.35%) than mock-in-
fected DCs (19.88%). However, HSV-1(F)-infected DCs in-
duced a background level of IFN-y (13.85% IFN-y-positive
cells). Together, these results suggest that the y,34.5 protein is
required to inhibit naive T cells from expressing IFN-y and
differentiating into Th1 cells by modulating DC maturation.

The y,34.5 protein is required to suppress the maturation of
DCs in vivo. To further examine v,34.5, we assessed DC mat-
uration in an ocular infection model. Mice were mock infected
or infected with viruses (2 X 10° PFU/eye). Single-cell suspen-
sions were prepared from the eye tissues after infection, and
phenotypes of DC11c* DCs were analyzed by flow cytometry.
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As depicted in Fig. 7A and B, on days 1, 3, and 5, R3616
infection consistently stimulated higher levels of MHC-II and
CD86 on DCs than mock infection. HSV-1(F)-infected cells
expressed lower levels of MHC-II and CD86 than R3616-
infected cells. Thus, the y,34.5 protein blocked the expression
of costimulatory molecules in DCs of infected mice.

Cytokine assays revealed that fewer than 10% of DCs from
mock-infected mice expressed IL-6 and IL-12 on days 1, 3, and
5 (Fig. 7C and D). However, infection with both R3616 and
HSV-1(F) resulted in an increased number of DCs producing
IL-6 and IL-12. Notably, HSV-1(F) induced slightly less IL-12
than R3616 over the course of infection. In addition, there was
a low level of IFN-producing cells (less than 10%) among DCs
from mock-infected mice (Fig. 7E and F). A similar pattern
among DCs from mice infected with HSV-1(F) was seen
throughout infection. In contrast, there was a prominent in-
crease in IFN-positive DCs from R3616-infected mice, which
was evident on days 1 and 3. These results indicate that y,34.5
is involved in blocking viral induction of IFN in DCs in vivo.

As a parallel approach, we examined viral replication in the
eye. As illustrated in Fig. 8A, HSV-1(F) replicated efficiently in
the eye, with titers reaching 5.5 X 10° PFU/ml on day 1, 3.9 X
10* PFU/ml on day 3, and 4.4 X 10* PFU/ml on day 5. In
contrast, R3616 barely replicated over the course of infection.
There was a 1,000-fold reduction in viral yield compared to
that for HSV-1(F). These phenotypes were also mirrored by
the results of immunohistochemistry analysis (Fig. 8B). Viral
antigens were detectable only in the eyes infected with wild-
type virus. Thus, viral replication correlated with the inhibition
of DC maturation by y,34.5 in vivo.

DISCUSSION

Previous studies established that y,34.5 is essential to pro-
mote HSV virulence (8, 50). In HSV-infected cells, viral DNA
replication triggers the double-stranded RNA-dependent pro-
tein kinase R (PKR), which phosphorylates the o subunit of
eukaryotic initiation factor 2 (elF-2a), leading to translation
arrest (7, 9). As a countermeasure, y,34.5 forms a complex
with protein phosphatase 1 that dephosphorylates the o sub-
unit of eukaryotic initiation factor 2 (14). Consistently, the
v,34.5 null mutant is virulent in PKR knockout mice but not in
wild-type mice (8, 26). However, v,34.5 null mutants with
secondary mutations inhibit the PKR activity but remain at-
tenuated in vivo (6, 35). A working model to reconcile these
phenotypes is that -y,34.5 has additional activities involving, for
example, viral egress and autophagy (5, 46). Recently, v,34.5
was found to inhibit TBK1 (49), which regulates TLR-depen-
dent and -independent pathways (22). The data presented in
this study indicate that +v,34.5 is required to suppress DC
functions, which are key mediators of intrinsic resistance to
HSV (21). The deletion of the v,34.5 gene stimulated the
expression of CD86, MHC-II, and proinflammatory cytokines
such as IFN-a/B in DCs. These phenotypes were also seen in
an ocular infection model. Remarkably, the expression of
v,34.5 inhibited the ability of DCs to induce T-cell activation.
Hence, v,34.5 perturbs innate and adaptive immunity.

Our work underscores the importance of IFN and HSV
inhibition in DC maturation. Unlike wild-type virus, the y,34.5
null mutant caused drastic induction of IFN production, which
paralleled an upregulation of costimulatory molecules. The
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addition of IFN-neutralizing antibodies partially reversed the
phenotype in DCs exposed to the y,34.5 null mutant. These
results suggest that the inhibition of IFN production by v,34.5
contributes to the suppression of DC maturation. In this con-
text, it is notable that IFN is able to induce the upregulation of
MHC and costimulatory molecules, such as CD80 and CD86
(13,29, 44). In fact, IFN stimulates DC maturation during viral
infection (1, 17, 37). In HSV-infected cells, IFN production
from myeloid DCs is believed to mediate bystander activation
of uninfected DCs (37). However, analyses with influenza virus
and Sendai virus suggest that IFN is not essential for DC
maturation (28). These observations support the view that be-
sides IFN, additional cellular components regulate DC matu-
ration. Interpreting within the framework of this model, we
also observed that the inhibition of IFN-neutralizing antibod-

ies had only partial effects on DC maturation during HSV
infection. A working hypothesis to explain these results is that
v,34.5 may function through IFN-dependent and -independent
mechanisms.

The +y,34.5 protein is a leaky late protein which is expressed
both early (2 to 4 h) and late in infection (10, 31, 49). This
pattern raises the question of how vy,34.5 works. Several mod-
els can be envisioned. First, v,34.5 acts to modulate innate
immune signaling at the early stage of infection. Recent studies
suggest that HSV-1 infection triggers DC maturation through
multiple pathways (37). In addition to inducing IFN, viral gly-
coproteins activate NF-kB and p38 mitogen-activated protein
kinase signaling pathways in DCs. Therefore, v,34.5 may in-
hibit one or more of these pathways leading to DC maturation.
Another possibility is that vy,34.5 may interfere with TLR-
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FIG. 7. Modulation of DC maturation by y,34.5 in vivo. Groups of five mice were mock infected or infected with HSV-1(F) or R3616 via
corneal scarification (2 X 10° PFU/per eye). On days 1, 3, and 5 after infection, the eye tissues were isolated and single-cell suspensions were
prepared. Cells were stained for the expression of MHC-II (A), CD86 (B), IL-6 (C), IL-12 (D), IFN-a (E), and IFN-B (F) by gating on
CDl1l1c-positive cells. The data are representative of results from two or three independent experiments. MFI, mean fluorescence intensity.

dependent and -independent pathways because signals from
these pathways promote DC maturation (17, 28). In this re-
spect, it is interesting that y,34.5 associates with TBK1 (49),
which is essential for cytokine expression. Second, vy,34.5 func-
tions to regulate a host or viral protein at the late stage of
infection. For example, the inhibition of the PKR response by
v,34.5 may contribute to a block of DC maturation. Since DCs
with PKR deficiency mature normally in response to viral in-
fection (17, 28), we believe that this hypothesis is less likely.
Another possibility is that y,34.5 may regulate a viral protein
required to inhibit DC maturation. We observed that PAA did
not reverse the inhibitory effect of wild-type virus on DCs,
suggesting that a late viral protein or function is dispensable.
Third, vy,34.5 may target a yet unknown cellular factor that
inhibits viral gene expression and indirectly block DC matura-

tion. Additional experiments are needed to test these hypoth-
eses.

DCs have been postulated previously to play a crucial role in
mediating resistance to HSV-1 (21). We observed that in in-
fected DCs the vy,34.5 null mutant barely replicated but that
wild-type virus replicated efficiently, with an approximately
100-fold increase in virus yield compared to that of the null
mutant. Similarly, in the mouse ocular infection model, wild-
type virus, but not the vy,34.5 null mutant, replicated efficiently
in the eye. Notably, viral replication in DCs inversely corre-
lated with the production of IFN both in vitro and in vivo. As
IFN plays a critical role in antiviral responses, it is likely that
the ability of v,34.5 to inhibit IFN production directly facili-
tates productive infection in DCs.

Results from several studies show that conventional submu-
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cosal and lymph node resident DCs are responsible for HSV-
specific T-cell activation (2, 45, 52). The ablation of DCs im-
pairs the activation of NK cells and CD4* and CD8™ T cells in
response to HSV-1 (21). We noted that the suppression of DC
maturation by the y,34.5 protein led to the inhibition of T-cell
activation in vitro. Two lines of evidence support this argu-
ment. DCs infected with wild-type virus suppressed CD4 " T-
cell proliferation, whereas DCs infected with the -y,34.5 null
mutant stimulated proliferation. Similarly, DCs infected with
wild-type virus inhibited IFN-y secretion from CD4" T cells,
whereas DCs infected with the y,34.5 null mutant stimulated
IFN-y secretion. The precise mechanism by which vy,34.5 in-
hibits T-cell activation is unknown. Emerging evidence sug-
gests that TBK1 is required for optimal T-cell responses (19).
As +y,34.5 inhibits the kinase activity of TBK1 (49), it is possi-
ble that such an interaction negatively regulates DC functions,
which leads to impaired T-cell activation. This model may
partly explain why +y,34.5 is required for viral virulence in vivo.
Work is in progress to address this issue.
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