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Herpes simplex virus 2 (HSV-2) may cause frequent recurrences, highlighting its ability to evade host defense. This study tested
the hypothesis that HSV-2 interferes with dendritic cell (DC) function as an escape mechanism, which may contribute to en-
hanced HIV replication in coinfected populations. Immature monocyte-derived human DCs were exposed to live or UV-inacti-
vated HSV-2 or lipopolysaccharide. Little or no increase in the maturation marker CD83 was observed in response to HSV-2 and
HSV-2 exposed DCs were impaired in their ability to present antigen (influenza) to T cells. Exposure to UV-inactivated virus
stimulated a modest, but significant increase in CD83, suggesting that viral gene expression contributes to the block in DC matu-
ration. The functional impairment of HSV-2-exposed DCs could be partially attributed to the induction of apoptosis. Live and
inactivated HSV-2 triggered an increase in the number of early and late apoptotic cells in both the infected and bystander cell
populations; apoptosis was associated with a decrease in cellular FLICE-inhibitory protein (c-FLIP). Paradoxically, HSV-2 in-
duced Akt phosphorylation, which typically promotes DC maturation and survival. Despite these aberrant responses, live and
inactivated HSV-2 induced the release of cytokines into culture supernatants, which were sufficient to activate HIV-1 replication
in latently infected U1 cells. Together, these findings suggest that in the presence of overt or subclinical HSV-2, the function of
mucosal DCs would be impaired. These responses may allow HSV to escape immune surveillance but may also promote HIV
infection and contribute to the epidemiological link between HIV and HSV.

Herpes simplex virus 2 (HSV-2) is one of the most common
causes of genital ulcer disease worldwide and epidemiological

studies consistently demonstrate a strong link between HSV-2 and
the risk for HIV acquisition and transmission (1–3). The preva-
lence of HSV-2 infection among people with HIV from sub-Saha-
ran African countries ranges from 50 to 90% (4). Frequent sam-
pling by genital tract swabs indicates that 75 to 90% of infected
individuals intermittently shed virus, although the majority of
these episodes are asymptomatic (5, 6). HSV shedding is associ-
ated with a higher frequency of HIV detection and greater number
of HIV particles in genital secretions, resulting in an increased risk
of transmission (7). The molecular mechanisms underlying the
increased risk for HIV acquisition and replication in the setting of
HSV-2 infection have not been fully elucidated. We hypothesize
that HSV may impair the function of dendritic cells (DCs) and
that the induced changes may alter the genital tract mucosal im-
mune environment to facilitate HIV infection.

DCs play a major role in mucosal defense and link innate and
adaptive immune responses. Immature monocyte-derived DCs
(moDCs) respond to pathogens by undergoing a maturation pro-
cess induced directly through pattern recognition receptors, or
indirectly through signals such as tumor necrosis factor alpha
(TNF-�) that are secreted by surrounding cells. Maturation is
characterized by increased surface expression of costimulatory
and adhesion molecules and the release of cytokines and chemo-
kines. These phenotypic changes facilitate migration of the DCs to
the draining lymph nodes to initiate an antiviral T cell response.
After the interaction of naive T cells with mature antigen-bearing
DCs, T cells undergo activation and migrate back to the infection
site to eliminate infected cells (8–10).

Interference with DC function is recognized as a potential viral
immune evasion strategy. However, studies of the interactions
between HSV and DCs have yielded conflicting results. Several
studies have shown that both HSV-1 and HSV-2 can infect imma-
ture moDCs, but the consequences of infection on DC phenotype
and function have varied. For example, one study found that
HSV-1 infection of immature human moDCs resulted in the
downregulation of costimulatory and adhesion molecules (11),
whereas others found that HSV-1 induced partial maturation of
both infected and bystander moDCs (12, 13). A more recent study
found that DCs recognize the complex of the essential envelope
viral glycoproteins— gB, gD, and gH/gL—and respond with up-
regulation of CD40, CD83, CD86, and HLA-DR and the produc-
tion of IFN-� and interleukin-10 (IL-10), but not IL-12p70 (14).

The DC response to HSV-2 has been studied primarily in mu-
rine or nonhuman primate models. For example, intravaginal in-
oculation of mice with HSV-2 led to the rapid recruitment of
submucosal DCs into the infected epithelium and subsequently,
DCs harboring viral peptides emerged in the draining lymph
nodes and stimulated IFN-� secretion from HSV-specific CD4� T
cells (15). These findings suggest that DCs are effective and pro-
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mote a T cell response in the vaginal mucosa. In contrast, exposure
of immature moDCs isolated from rhesus macaques to HSV-2
stimulated weak T-cell responses in vitro and decreased the ex-
pression of costimulatory and adhesion molecules (16). Building
from this framework, we evaluated the impact of HSV-2 on hu-
man immature moDCs and explored the potential consequences
of observed changes for HIV infection.

MATERIALS AND METHODS
Cells and viral strains. Peripheral blood mononuclear cells (PBMC) were
isolated from human leukopacks (New York Blood Center) by density
gradient centrifugation using Ficoll-Histopaque (Sigma-Aldrich, St.
Louis, MO). CD14� monocytes were isolated using CD14 magnetic cell
separation (Easysep; StemCell Technologies, Vancouver, British Colum-
bia, Canada), and immature moDCs were generated by culturing the cells
for 7 to 8 days in RPMI 1640, 10% fetal bovine serum (FBS), 2 mM
glutamine, 100 U of penicillin/ml, and 100 �g of streptomycin/ml supple-
mented with 800 U of recombinant human granulocyte-macrophage col-
ony-stimulating factor (GM-CSF)/ml and 800 U of recombinant human
IL-4/ml (R&D Systems, Inc., Minneapolis, MN). CaSki (human cervical
epithelial) and Vero (monkey kidney epithelial) cells were obtained from
the American Type Culture Collection (ATCC), Manassas, VA, and main-
tained as previously described (17). U1 cells were obtained from the AIDS
Research and Reference Reagent Program, Division of AIDS, National
Institute of Allergy and Infectious Diseases, National Institutes of Health
(18). Viral stocks of HSV-2(G) and HSV-2(333)ZAG were propagated on
Vero cells (ATCC, Manassas, VA), and virus titers were determined by
plaque assay (17). The latter recombinant virus expresses green fluores-
cent protein (GFP) under the control of a cytomegalovirus promoter; the
construct was inserted in an intergenic region between UL3 and UL4 (gift
from P. Spear, Northwestern University). All viral stocks were stored at
�80°C. Virus was inactivated by exposure to UV light at a distance of 10
cm from the light source for 7 min (19). Recombinant influenza virus
bearing hemagglutinin and neuraminidase from the strain A/Brisbane/
59/2007 (the CDC-recommended vaccine strain for the 2008/2009 and
2009/2010 seasons) and the rest of the genomic segments from A/Puerto
Rico/08/1934 (BB.PR8) was kindly provided by Adolfo Garcia-Sastre.
BB.PR8 was grown in 9-day-old embryonated chicken eggs (SPAFAS;
Charles River Laboratories) and titrated by plaque assay on MDCK cells
according to standard procedures.

Infection of DCs with HSV-2. Immature moDCs were challenged
with live or UV-inactivated HSV-2, mock infected by being exposed to
RPMI with 10% FBS, or matured by exposure to 1 �g of lipopolysaccha-
ride (LPS; InvivoGen, San Diego, CA)/ml (20). To evaluate whether virus
productively infected the cells, viral inoculum was removed from DCs or
CaSki cells after challenge for 1 h at 37°C, the cells washed three times with
phosphate-buffered saline (PBS), and then cultured in fresh medium in
the absence or presence of acyclovir (ACV; 100 �g/ml; Bedford Labora-
tories, Bedford, OH). Culture supernatants were harvested at 2, 12, 24,
and 48 h postinfection (p.i.), and viral yields were quantified by plaque
assay on Vero cells. The infection of DCs was also assessed using the
GFP-expressing HSV-2(333)ZAG strain, which discriminates infected
and bystander DCs. GFP expression was used as a marker of viral infec-
tion. The infected cells were analyzed by flow cytometry, after gating on
the live populations using a fixable violet Live/Dead marker (Invitrogen,
Carlsbad, CA). Ten thousand live events were acquired per sample.

Flow cytometry. The phenotype of immature moDCs was analyzed by
fluorescence-activated cell sorting (FACS) 7 to 8 days after culture of
CD14� monocytes in the presence of GM-CSF and IL-4. Cells were
stained (single stain per antibody) with anti-CD11c-APC, anti-HLA-DR-
FITC, anti-DC-SIGN-FITC, anti-CCR5-FITC, anti-CXCR4-Pe-Cy5, and
anti-HLA-ABC-APC (BD Pharmingen, San Diego, CA) for 30 min,
washed twice in PBS, and fixed in 4% paraformaldehyde (BD Biosciences,
Franklin Lakes, NJ). Similarly, to assess the state of maturation of the
moDCs, at 4 or 8 h postexposure to HSV-2 (multiplicity of infection

[MOI] � 1 to 10 PFU/cell), LPS, or medium alone, 5 � 105 cells were
stained with anti-CD83-APC (BD Pharmingen, San Diego, CA) and fixed
as previously described. Flow cytometry was performed on a Becton Dick-
inson LSR II analyzer, and analysis was carried out using the FlowJo v9.3.1
software (TreeStar, Inc., Ashland, OR). Ten thousand live events were
acquired per sample.

Influenza antigen presentation. Ten thousand moDCs were mock
infected or exposed to influenza virus BB.PR8 and HSV-2(G) (live or
UV-inactivated) (MOI � 1 or 5 PFU/ml) simultaneously or influenza
virus BB.PR8 at 4 h after exposure to HSV-2. Viral inocula were removed;
the cells were then washed in PBS and cultured with autologous CD14� T
cells at a 1:10 DC/T cell ratio in the presence of ACV (200 �g/ml). Influ-
enza antigen presentation was determined by IFN-� release, measured 40
h postcoculture by ELISpot (MABTECH, Inc., Cincinnati, OH).

Apoptosis analysis. DCs were exposed to staurosporine (1 �M) as a
positive control, live, or UV-inactivated HSV-2 (MOI � 5 PFU/cell) or
medium as a negative control (mock) and were harvested 4 and 8 h post-
treatment and analyzed for early and late signs of apoptosis using an
annexin V and 7-aminoactinomycin D (7AAD) staining protocol (BD
Pharmingen). Briefly, 5 � 105 cells were washed twice in cold PBS and
resuspended in buffer containing 10 mM HEPES (pH 7.4), 140 mM NaCl,
and 2.5 mM CaCl2. The cells were then incubated with phycoerythrin
(PE)-conjugated annexin V and/or 7AAD for 30 min in the dark at room
temperature. Cells were analyzed by flow cytometry, as described above,
acquiring 10,000 events per sample. To differentiate infected from by-
stander cells, moDCs were infected with HSV-2(333)ZAG.

Western blot analysis. DCs (106 cells) were exposed to HSV-2(G)
(MOI � 10 PFU/cell) and LPS (10 �g/ml) for 1 h at 37°C in the absence or
presence of wortmannin (25 �M; Tocris Bioscience, Ellisville, MO) or
rapamycin (0.1 �M; Tocris Bioscience). Additional controls included
cells exposed to staurosporine (1 �M) for 4 h. In select experiments, DCs
were infected with HSV-2(333)ZAG and sorted 4 h p.i. based on GFP
expression to differentiate infected from bystander cells. The cells were
harvested and lysed in 100 �l of lysis buffer containing 20 mM Tris (pH
7.5), 50 mM NaCl, 1% NP-40, and 0.05% deoxycholate and supple-
mented with phosphatase and protease inhibitors (Roche, Germany).
Proteins were separated by SDS-PAGE and transferred to membranes for
immunoblotting. Membranes were incubated according to the manufac-
turer’s instructions with anti-phospho-Ser473 Akt1/2/3 (1:500; sc-7985-R,
Santa Cruz Biotechnology, Santa Cruz, CA), anti-phospho-Thr308 Akt1/
2/3 (1:500; sc-16646-R; Santa Cruz Biotechnology), anti-total Akt1/2/3
(1:500; sc-8312; Santa Cruz Biotechnology), anti-gB (1:500; P1123; Viru-
sys, Taneytown, MD), anti-caspase-3 (1:1,000; catalog no. 9662; Cell Sig-
naling Technology, Danvers, MA), anti-caspase-8 (1:800; catalog no.
9746; Cell Signaling Technology), anti-c-FLIP (NF6) (1:500; Enzo Life
Sciences, Farmingdale, NY), and anti-�-actin (1:10,000; A-5441; Sigma).
The membranes were stripped between antibodies. Blots were scanned,
and the band intensities were analyzed by using ImageJ (National Insti-
tutes of Health, Bethesda, MD).

Detection of cytokines and chemokines. Culture supernatants from
DCs that had been exposed to HSV-2(G) (MOI � 5 PFU/cell), LPS (1
�g/ml), staurosporine (1 �M), or medium (mock) were collected 24 h
posttreatment, and the cytokine and chemokine levels were determined
by using multiplex proteome bead arrays (Chemicon International and
Milliplex [Millipore, Billerica, MA]). The levels were quantified by Lu-
minex and analyzed using StarStation (Applied Cytometry Systems, Shef-
field, United Kingdom). The levels of IFN-� secreted in the 24-h super-
natants of exposed DCs were quantified using a VeriKine human IFN-�
ELISA kit (PBL Interferon Source, Frederick, MD).

Expression of cytokines by qRT-PCR. IFN-� expression levels in hu-
man moDCs that were exposed to medium (mock), LPS (1 �g/ml), stau-
rosporine (1 �M), or HSV-2(G) (MOI � 5 PFU/cell) (live and UV inac-
tivated) were quantified by quantitative real-time PCR (qRT-PCR) using
iQ SYBR green Supermix (Bio-Rad, Hercules, CA) according to the man-
ufacturer’s instructions and a C1000 thermal cycler/CFX96 real-time PCR
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detection system (Bio-Rad). The PCR temperature profile was 95°C for 3
min, followed by 40 cycles of 95°C for 10 s and 60°C for 30 s. The mRNA
level of each sample was normalized to that of the two housekeeping genes
rps11 and �-tubulin using the standard 2�	CT method (21, 22). The
primer sequences for IFN-�, rps11, and �-tubulin were previously de-
scribed (23).

Induction of HIV-1 replication in U1 cells. U1 cells, a persistently
HIV-infected cell line, were seeded at 105 cells/well in 96-well plates and
were then incubated with 200 �l of culture supernatants that had been
harvested 24 h p.i. from mock-, LPS (1 �g/ml)-, or HSV-2(G) (MOI � 5
PFU/cell; live or UV-inactivated)-exposed DCs. Supernatants were UV
irradiated to inactivate any newly synthesized virus prior to U1 culture
setup. As a control, U1 cells were also incubated with TNF-� at 100 U/ml
(R&D Systems), a concentration previously shown to induce HIV release
(24). Cell-free supernatants were collected 1 and 4 days p.i., and HIV-1
was quantified by determining p24 content by enzyme-linked immu-
nosorbent assay (ELISA; PBL Interferon Source).

Statistical analysis. Responses were compared by one-way analysis of
variance with Bonferroni correction or the Student paired t test, using
GraphPad Prism version 4 (San Diego, CA), and a P value of 
0.05 was
considered significant.

RESULTS
HSV infects immature moDCs. Immature moDCs were differen-
tiated from PBMCs for 7 days in the presence of IL-4 and GM-
CSF, and the phenotype was characterized by flow cytometry (Fig.
1A). To examine the susceptibility to HSV-2, immature moDCs
were infected with HSV-2(333)ZAG, and infection was moni-
tored by measuring GFP expression by flow cytometry (Fig. 1B).
In parallel, cell viability was assessed. There was no significant loss

in cell viability 4 or 8 h p.i., but viability was reduced by 16 h p.i. in
response to MOI � 1 PFU/cell (Fig. 1C). Thus, subsequent exper-
iments were performed 4 or 8 h p.i. with an MOI of 1 or 5 PFU/cell.
Analysis within the live cell population showed that viral infection
(measured by GFP expression) increased over time and in a dose-
dependent manner (Fig. 1D). Approximately 64.5% � 6.4% of the
DCs expressed GFP by 8 h p.i. after exposure to 5 PFU/cell. In
contrast, only 2% � 0.8% of cells expressed GFP after exposure to
UV-inactivated virus (Fig. 1E). Susceptibility to viral infection was
further assessed by extracting RNA from infected cell lysates and
probing for the presence of RNA representing all three classes of
HSV proteins by RT-PCR; ICP0 (immediate early), viral thymi-
dine kinase (early), and glycoprotein B (late) were detected 4, 8,
and 24 h p.i. (data not shown).

To determine whether the DCs were productively infected, im-
mature moDCs cells were exposed to HSV-2(G) (MOI � 1 PFU/
cell) and release of viral progeny was monitored by collecting cul-
ture supernatants and quantifying the released virus by plaque
assay. For comparison, CaSki cells, a human cervical epithelial cell
line, were infected in parallel. HSV-2 productively infected imma-
ture moDCs, as indicated by the increase in infectious virus re-
leased into the culture supernatants over 24 h, although no further
increase was observed between 24 and 48 h, presumably reflecting
decreased cell viability. Viral yields were lower in moDCs com-
pared to CaSki cells (Fig. 1F).

We further assessed the susceptibility to HSV-2 infection in
mature compared to immature cell cultures. DCs were allowed to

FIG 1 Immature moDCs support low level of HSV-2 replication. (A) Phenotypic characterization of moDCs after differentiation from CD14� monocytes,
cultured in GM-CSF and IL-4 for 7-8 days. The data are means � the standard errors of the mean (SEM) obtained from a minimum of three independent donors.
Immature moDCs were exposed to HSV-2(333)ZAG (MOI � 0.01 to 10 PFU/cell, as indicated) for 1 h at 37°C. (B and C) At the specified times p.i., infection was
assessed by quantifying GFP expression (10,000 live event acquisition) by flow cytometry (B), and cell viability was assessed in 10,000 total events by staining with
a Live/Dead marker (C). Infected (GFP�) DCs within the live population of panel C are shown in panel D. The data are representative dot plots (B) and are
means � SEM (C and D) of a minimum of five independent experiments. (E) Immature moDCs were exposed to live or UV-inactivated HSV-2(333)ZAG (MOI
5 PFU/cell) for 1 h at 37°C. At the indicated times p.i., infection was assessed by quantifying GFP expression (10,000 live event acquisition) by flow cytometry.
The data are means � the SEM of seven independent experiments. (F) Immature moDCs and CaSki cells were infected with HSV-2(G) (MOI � 1 PFU/cell). At
the indicated times p.i., the culture supernatants were collected, and viral yields were quantified by performing plaque assays on Vero cells. The results are
presented as PFU/ml and are means � the standard deviations (SD) obtained from five independent experiments conducted in duplicate. (G) Immature or
LPS-matured DCs were evaluated for CD83 expression (left) and then infected with HSV-2(333)ZAG at the indicated MOIs and at 4 h p.i. were analyzed for GFP
expression as a marker of infection by flow cytometry (10,000 live event acquisition). The results are presented as means � the SEM of three independent
experiments.
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mature in the presence of LPS (1 �g/ml) for 24 h, and maturation
was monitored by assessing CD83 expression (Fig. 1G, left). Im-
mature and mature DCs were exposed to increasing MOIs of
HSV-2(333)ZAG; no significant difference in susceptibility to in-
fection was observed between mature and immature DCs (Fig. 1G,
right).

HSV blocks DC maturation. DC maturation is characterized
by an increase in the surface expression of costimulatory mole-
cules including CD83 (9). To evaluate the response to HSV, im-
mature moDCs were exposed to HSV-2(G) and treated with LPS
as a positive control or with medium alone, and the expression of
CD83 was assessed by flow cytometry. LPS triggered phenotypic
maturation of the cells characterized by a significant increase in
the expression of CD83 from 25.5 to 85.7%, whereas little increase
in CD83 expression was observed 4 h postinfection in HSV-2-
exposed cells (39.1%), and there was no further increase in CD83
expression at later time points (Fig. 2A and B). Simultaneous ex-
posure of DCs to HSV-2 and LPS also prevented DC maturation,
suggesting that HSV blocks DC maturation (not shown). To fur-
ther assess whether viral gene expression blocked DC maturation,
additional studies were conducted with UV-inactivated virus. UV
inactivation prevents viral gene expression (including GFP ex-
pression; Fig. 1E) after viral entry (19). Exposure to UV-inacti-
vated virus induced a modest, but significant increase in CD83
expression relative to mock-treated cells (48.5% versus 25.5%)
(P � 0.05) (Fig. 2A and B).

To evaluate whether HSV blocked DC maturation in infected
and bystander cells, we took advantage of HSV-2(333)ZAG, which
allows for discrimination between infected (GFP�) and bystander
(GFP�) DCs. The proportion of infected DCs increased in a dose
(MOI)- and time (4 and 8 h p.i.)-dependent manner; however, the
majority of GFP� cells remained CD83� (Fig. 2C and D). In con-
trast, there was a modest and significant increase in CD83� cells in

the bystander (GFP�) population after HSV-2 exposure com-
pared to mock-exposed cells. For example, after exposure to an
MOI of 5 PFU/cell, the proportion of GFP�/CD83� cells in-
creased significantly from 5% � 0.9% to 11.7% � 3.3% (relative
to mock-exposed cells) (P � 0.03), but there was no increase in
GFP�/CD83� cells 4 h p.i.

HSV-2-exposed DCs are functionally anergic. The observa-
tion that HSV-2 failed to trigger CD83 expression in the infected
cell population suggests that the HSV-exposed cells are function-
ally impaired. To further address this, we compared the ability of
HSV exposed DCs to present influenza virus to T cells. It has
previously been shown that influenza virus infects DCs, evidenced
by an increase in viral RNA and protein levels (23, 25, 26). Imma-
ture moDCs were either exposed to HSV-2 (live or UV inacti-
vated) and influenza virus simultaneously or to influenza virus at
4 h post-HSV infection. ACV (200 �g/ml) was added to the cul-
tures to prevent HSV replication. In pilot studies with HSV-2
(MOI � 1 PFU/cell), we observed that ACV inhibited viral repli-
cation (Fig. 3A) and blocked HSV-induced DC death (data not
shown). After the viral challenges, the DCs were cocultured with
autologous CD14� T cells, and T cell responses were monitored
by ELISpot assay for IFN-� production. Positive controls included
moDCs exposed to influenza virus alone prior to coculture with T
cells and T cells stimulated with a CD3 MAb. Preexposure of DCs
to HSV-2 or simultaneous exposure to HSV-2 and influenza virus
significantly blocked the IFN-� response to influenza virus (P 

0.05) (Fig. 3B). There was a small (but statistically nonsignificant)
increase in the IFN-� response to influenza virus when DCs were
exposed to UV-inactivated HSV-2 compared to live HSV-2, al-
though the IFN-� response remained significantly less than the
response to influenza virus alone.

HSV-2 triggers DC apoptosis. It is possible that the functional
impairment of HSV-exposed DCs could be attributed, at least in

FIG 2 LPS, but not HSV-2, triggers DC maturation. (A and B) Immature moDCs were exposed to LPS (1 �g/ml) or HSV-2(G) (live or UV inactivated) (MOI �
5 PFU/cell) for 1 h at 37°C. The cells were analyzed by flow cytometry for surface marker CD83 expression at 4 h posttreatment. The data are representative dot
plots (A) or the mean percent % CD83� cells � the SEM from six independent experiments (B). (C and D) Further analysis of CD83 expression within infected
(GFP�; darkest two segments) or bystander (GFP�; lightest two segments) populations following exposure of DCs to LPS or HSV-2(333)ZAG (MOI � 0.01 to
10 PFU/cell as indicated) at 4 and 8 h postexposure (C and D, respectively). The results are presented as the percentage of 10,000 live events acquired and are
means obtained from four independent experiments. Asterisks indicate significant differences relative to mock-treated DCs (P � 0.05).
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part, to apoptosis. Although HSV-2 has evolved several strategies
to prevent apoptosis in epithelial cells as a survival mechanism, it
has been suggested that virus may promote apoptosis in DCs and
T cells in an effort to limit the immune response (27, 28). The
extent of apoptosis has varied from study to study, and most work
has been conducted with HSV-1 and/or nonhuman DCs (16, 29).
To determine whether HSV-2 induced apoptosis in human
moDCs, the cells were infected with HSV-2(333)ZAG (live or in-
activated), mock infected (negative control), or treated with stau-
rosporine (1 �M) (positive apoptosis control) and analyzed for
early and late signs of apoptosis using annexin V and 7AAD mark-
ers. A significant increase in early apoptotic (annexin V� 7AAD�)
cells was observed 4 and 8 h p.i. after exposure to live or UV-
inactivated HSV-2 (MOI � 5 PFU/cell) compared to mock-in-
fected cells (P 
 0.05); staurosporine also induced a significant
increase in early apoptosis at both time points. This progressed
to a modest increase in late apoptosis (annexin V� 7AAD�)
(Fig. 4A). Subsequent analysis of subpopulations showed that
virus induced apoptosis in both GFP� (infected) and GFP�

(bystander) DCs (Fig. 4B).
HSV-2 decreases the expression of cellular FLIP. To explore

the mechanism by which HSV-2 induced apoptosis, moDCs were

exposed to live or UV-irradiated HSV-2 and assessed at different
times p.i. for their expression of caspase-3, caspase-8, and c-FLIP,
a potent inhibitor of apoptosis (30, 31). Staurosporine or LPS
were included as controls. HSV induced a small decrease in
caspase-3 (Fig. 5A) and, conversely, a modest increase in
caspase-8 expression (Fig. 5B). The UV-inactivated virus also trig-
gered a small decrease in caspase-3 but had no effect on caspase-8.
HSV (but not LPS) significantly reduced the expression of c-FLIP
(Fig. 5C). The downmodulation of c-FLIP is consistent with prior
studies with HSV-1 (30, 31). As expected, staurosporine triggered
cleavage of caspases, as evidenced by a marked reduction in
caspase-3 and the presence of cleaved forms of caspase-8 (Fig. 5A
and B, respectively) (32).

HSV-2 triggers persistent Akt phosphorylation. DC matura-
tion and antiapoptotic responses are associated with activation of
Akt signaling and pharmacological blockade of Akt signaling im-
pairs DC maturation and induces apoptosis (33). Thus, we pre-
dicted that LPS, but not HSV-2, would trigger the phosphoryla-
tion of Akt. Paradoxically, we found that HSV-2 induced a
sustained increase in phosphorylated Akt (p-Akt) as early as 15
min p.i., which persisted up to 8 h p.i. (Fig. 6A). Similar results
were obtained with either an anti-phospho-Ser473 or anti-phos-
pho-Thr308 antibody (not shown). Infection was confirmed by
probing the blots for glycoprotein B (gB); the presence of gB 15
min p.i. reflects input virus and the increased expression over time
reflects newly synthesized viral glycoprotein. LPS, in contrast, in-
duced a more transient response with phosphorylated forms of
Akt (p-Akt) peaking by 2 h postexposure (Fig. 6A). UV-inacti-
vated virus and infection in the presence of ACV also triggered the
phosphorylation of Akt, although the response to inactivated vi-
rus was no longer detected 8 h p.i. (Fig. 6B).

To evaluate whether induction of Akt phosphorylation was
directly linked to viral infection, HSV-2-exposed mDCs were
sorted for GFP expression 4 h p.i., lysed, and probed for p-Akt.
Only the infected (GFP�) DCs exhibited an increase in p-Akt
levels. The proapoptotic drug staurosporine was associated with a
reduction in p-Akt (Fig. 6C).

Induction of apoptosis and blockade of DC maturation are
independent of Akt phosphorylation. The observation that live
(and UV-inactivated) HSV-2 triggered a sustained increase in Akt
phosphorylation in the infected cells but not in the bystander cells,
whereas early apoptosis was induced in both populations, suggests
that these responses may be independent. To explore this notion,
immature moDCs were exposed to HSV-2 in the presence of wort-
mannin, a pharmacological inhibitor of PI3K that blocks Akt
phosphorylation, or rapamycin, which acts downstream of Akt
but may induce negative-feedback activation of Akt signaling
(34). Exposure of cells to wortmannin, but not rapamycin, pre-
vented the virus-induced phosphorylation of Akt (Fig. 7A). How-
ever, wortmannin did not prevent virus-induced apoptosis (Fig.
7B), overcome the block to DC maturation as measured by CD83
expression (Fig. 7C), or prevent the downmodulation of c-FLIP
(Fig. 7D). Consistent with the finding that UV-inactivated virus
also induced apoptosis, there was a reduction in c-FLIP detected
by Western blotting in DCs exposed to UV-inactivated HSV-2
compared to mock-treated cells both in the absence and presence
of wortmannin (Fig. 7D).

HSV-2 triggers the release of proinflammatory cytokines.
DC maturation is typically associated with release of cytokines,
which facilitate the generation of effector T cell responses. Al-

FIG 3 HSV-2-infected moDCs are impaired in antigen presentation. (A) Im-
mature moDCs or CaSki cells were infected with HSV-2(G) (MOI � 1 PFU/
cell) in the absence or presence of acyclovir (ACV) at 100 �g/ml. At the indi-
cated times p.i., culture supernatants were collected, and viral yields were
quantified by performing plaque assays on Vero cells. The results are presented
as PFU/ml and are means � the SD obtained from five independent experi-
ments conducted in duplicate. (B) 104 human moDCs were exposed to influ-
enza virus BB.PR8 and HSV-2(G) simultaneously or to influenza virus BB.PR8
at 4 h post-HSV-2(G) challenge and then cultured with autologous CD14� T
cells at a 1:10 DC/T cell ratio in the presence of ACV (200 �g/ml). IFN-�
release was measured at 40 h postcoculture. T cells stimulated with a CD3 MAb
served as a positive control for the ELISpot assay (far left). The results are
presented as means � the SEM spot-forming units (SPU) obtained in five
independent experiments, each performed in triplicate. The asterisks indicate
significant differences relative to influenza virus-challenged DCs (P 
 0.05).
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though HSV-2 failed to increase the expression of cell surface
markers associated with maturation, virus did trigger significant
increases in TNF-� and IL-6 compared to mock-exposed cells in
24 h culture supernatants, and the response was similar to that
observed after treatment of DCs with LPS (Fig. 8A). However, in
contrast to LPS, HSV-2 failed to stimulate IL-12p70 and induced a

more modest IL-10 response, suggesting that HSV-exposed DCs
may be less capable of generating T cell responses. UV-inactivated
virus only induced the release of TNF-�, suggesting that release of
other cytokines requires viral gene expression. However, UV-in-
activated virus caused a greater increase in the levels of type I
(IFN-�) and II (IFN-�) IFNs released into the culture superna-

FIG 4 HSV-2 induces apoptosis in infected and bystander moDCs. (A) Immature moDCs were mock infected, exposed to staurosporine (ST; 1 �M) or to live
and UV-inactivated HSV-2(333)ZAG (MOI � 5 PFU/cell), and analyzed by flow cytometry for apoptosis at 4 h and 8 h p.i. The results are presented as the
percentages of cells that are annexin V� 7AAD� (early apoptosis) and annexin V� 7AAD� (late apoptosis) and are means � the SEM of a minimum of three
independent experiments. The asterisks indicate significant differences relative to mock-treated DCs (P 
 0.05). (B) Dot blots of subsequent analysis of infected
(GFP�) and bystander (GFP�) DC populations 4 and 8 h p.i. The results are representative data obtained from five independent experiments.

FIG 5 HSV-2-induced apoptosis is associated with reduced expression of cellular-FLICE inhibitory protein. Immature moDCs were mock infected or exposed
to staurosporine (1 �M) or live or UV-inactivated HSV-2(G) (MOI � 10 PFU/cell). At the indicated times postexposure, the cells were lysed and analyzed by
Western blotting for the expression of caspase-3 (A) or caspase-8 (B) and �-actin as a loading control. A blot representative of results obtained from two
independent experiments is shown. (C) Alternatively, cells were infected with HSV-2(G) (10 PFU/cell), medium (mock), or LPS (10 �g/ml) and, at the indicated
times postexposure, the cells were lysed and blotted for expression of c-FLIP and �-actin. The blots were scanned, and the percentages of caspase-3 (A), caspase-8
(B), and c-FLIP (C), relative to �-actin, are indicated below each lane.
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tants compared to live virus (Fig. 8B and C) and was associated
with persistent upregulation of IFN-� gene expression by qRT-
PCR, significantly higher than live virus or mock 24 h p.i. (P 

0.05) (Fig. 8D). These findings are consistent with earlier studies
with HSV-1 and other cell types, indicating that immediate-early
viral genes are required to block the IFN response to HSV (35–37).

HIV-1 replication is induced by culture supernatants har-
vested from HSV-2-infected moDC. U1 cells, which are persis-
tently infected with HIV but replicate virus at low levels unless the
viral LTR is activated, were treated with UV-irradiated (to inacti-
vate any HSV) culture supernatants harvested from DCs at 24 h
postexposure to HSV-2(G), LPS, or medium (negative control).
Culture supernatants from LPS and HSV-2-exposed DCs signifi-
cantly increased HIV replication compared to the negative con-
trol, as evidenced by an increase in p24 levels. The response was at
least as great as that observed when U1 cells were treated with
recombinant TNF-� (100 U/ml) (Fig. 9A). Culture supernatants
from moDCs exposed to UV-inactivated virus also increased
HIV-1 replication in U1 cells (Fig. 9B). Together, these data sug-
gest that the microenvironment of the genital mucosa in response
to HSV-2 infection may favor the replication of HIV-1.

DISCUSSION

Several immune evasion strategies that may contribute to the abil-
ity of HSV to establish a lifelong infection and, in some patients, to
cause recurrent clinical disease have been identified. These include
inhibition of complement and antibody binding, mediated by the

viral envelope glycoproteins gC and gE/gI, respectively, inhibition
of major histocompatibility complex (MHC) class I-mediated an-
tigen presentation through binding of ICP47 to the TAP, which
blocks the translocation of processed peptide complexes to the cell
surface and prevents CD8� T cell recognition, and downregula-
tion of the MHC class-I-like antigen presenting molecule, CD1, to
restrict natural killer T (NKT) cell function (38, 39). The results of
these studies support and extend prior observations demonstrat-
ing another immune evasion strategy: HSV blocks human moDC
maturation and triggers DC apoptosis to prevent effector T cell
responses (12, 13, 15, 16). Specifically, we observed that DCs ex-
posed simultaneously (or 4 h earlier) to live HSV-2 were unable to
present antigen (influenza virus) to autologous T cells despite the
maturation of some of the bystander DCs in the cultures (Fig. 2)
and the induction of a TNF-� and IL-6 cytokine response to virus
(Fig. 8).

Viral interference with DC function has been observed with
several different viruses, suggesting that this may be a common
immune evasion strategy. Similar to the results obtained in the
present study, infection of immature DCs by the murine gamma-
herpesvirus 68 (MHV68) did not trigger increases in expression of
CD80 and CD86, nor did it induce DC migration. Moreover, sub-
sequent stimulation of MHV68-infected DCs with LPS failed to
trigger an increase in expression of costimulatory molecules, in-
dicating that the MHV68-infected cells were anergic (40). Inter-
ference with DC function has also been observed with nonherpes-
viruses. For example, human DCs infected with influenza A virus

FIG 6 HSV-2 triggers persistent Akt activation, which does not require viral gene expression or viral replication. (A) Immature moDCs were mock infected (M)
or exposed to LPS (10 �g/ml) or HSV-2(G) (MOI � 10 PFU/cell), and the cells were harvested at the indicated times posttreatment and analyzed by Western
blotting for expression of phosphorylated Akt (p-Akt), total Akt, viral glycoprotein B (gB), and �-actin expression. (B) Immature moDCs were mock infected
(M) or exposed to LPS (10 �g/ml) or HSV-2(G) (live and UV inactivated) (MOI � 10 PFU/cell) in the absence or presence of ACV (100 �g/ml). At the indicated
times posttreatment, the cells were harvested, lysed, and analyzed by Western blotting for the expression of p-Akt, total Akt, and �-actin expression. (C)
Immature moDCs were exposed to HSV-2(333)ZAG and at 4 h p.i. were sorted for GFP expression, and 106 GFP� and GFP� cells were lysed and analyzed by
immunoblotting using antibodies to p-Akt, total Akt, and �-actin. Staurosporine (1 �M)-treated cells were included as an apoptosis control. The blots were
scanned, and the protein levels were quantified by using ImageJ. They are representative of three (A and C) or two (B) independent experiments, and the
percentages of p-Akt relative to total Akt after scanning are indicated below each lane.
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have lower allospecific Th1-cell stimulatory abilities than DCs ac-
tivated by other stimuli, such as LPS and Newcastle disease virus
infection. Specifically, influenza virus NS1 protein interfered with
DC maturation, migration, and T-cell stimulatory activity (41).

Not only did HSV-2 fail to trigger DC maturation, but it also
induced apoptosis in both infected and bystander cells, which
likely contributes to immune evasion. These results are consistent
with several other studies with murine (27), macaque (16) and
human (29) DCs. However, in contrast to earlier studies (16, 27,
42), we found that UV-inactivated virus also induced apoptosis
and decreased c-FLIP expression. The differences may reflect
methods of inactivation (UV versus heat inactivation [16]), time
points (overnight exposure [16] versus 4 h), or viral strain differ-
ences. Our findings suggest that viral gene expression is not re-
quired to induce apoptosis but may block DC maturation since
UV-inactivated virus triggered an increase in CD83 expression
(albeit less than observed in response to LPS) (Fig. 1). The mech-
anisms by which live and UV-inactivated HSV-2 induce DC apop-
tosis are likely mediated by activation of cytotoxic death ligands
such as TNF-� (Fig. 8) and reduction in the levels of c-FLIP pro-
tein (Fig. 5 and 7), a prosurvival protein, which interferes with
caspase-8 within the death-inducing signaling complex (DISC)
(43–45). Our findings are consistent with recent studies with
HSV-1 (30, 31). However, we found that c-FLIP expression was

reduced as early as 15 min postinfection with little expression
detected by 4 h p.i., whereas the response to HSV-1 was evident at
later time points (12 and 18 h post-HSV-1 infection) (30, 31). We
also observed an increase in caspase-8 in HSV-exposed cells, which
further supports the notion that HSV-2 activates this apoptotic path-
way (44, 46); there was little change in caspase-3 expression.

HSV-2 has also been shown to induce apoptosis in T cells
(Jurkat and primary human CD4� cells) through intrinsic apo-
ptosis pathways (28). Notably, HSV antigens and activated
caspase-3 were rarely detected in the same T cell, suggesting that
apoptosis may involve a bystander effect. We also observed that
HSV-2 triggered apoptosis in both infected (GFP�) and bystander
(GFP�) moDCs, possibly through the release of TNF-� and other
death ligands. However, further studies are needed to delineate
the mechanism of apoptosis in the bystander DC population.

Surprisingly, despite the induction of apoptosis, HSV-2 trig-
gered the rapid and persistent phosphorylation of Akt, suggesting
that HSV-2 may interfere with the antiapoptotic and promatura-
tion functions of Akt (33). These findings are in contrast to prior
studies in epithelial cells, where it was shown that HSV-2 tran-
siently activates Akt 4 h post-HSV infection to prevent epithelial
cell apoptosis. By 8 h p.i., the phosphorylated forms of Akt were no
longer detected in the epithelial cells, possibly reflecting the
accumulation of viral US3 protein kinase, which provides antiapop-

FIG 7 HSV-2-induced apoptosis and maturation block is independent of Akt phosphorylation. (A) DCs were treated with wortmannin (25 �M), rapamycin (0.1
�M), or no drug and were mock infected (M), LPS (10 �g/ml) treated, or infected with HSV-2(G) (MOI � 10 PFU/cell). Cells were harvested 4 h p.i. and analyzed
by Western blotting for the expression of p-Akt, total Akt, and �-actin expression. The blot is a representative of two independent experiments. The blots were
scanned, the protein levels were quantified, and the percentages of p-Akt relative to total Akt are indicated below each lane. (B and C) In parallel, DCs were
challenged with HSV-2(G) (MOI � 5 PFU/cell) in the presence of wortmannin and at 4 h p.i. were analyzed by FACS for apoptosis (B) and maturation (C) (as
quantified by CD83 expression). The results are presented as the percent positive for annexin V� 7AAD� (early apoptosis) and annexin V� 7AAD� (late
apoptosis) (B) and the fold increase in CD83 expression relative to mock-treated cells (C). The data are means � the SEM of three independent experiments. (D)
DCs were treated with wortmannin or no drug and were mock infected or exposed to live or UV-inactivated HSV-2(G) (MOI � 10 PFU/cell) and, at the indicated
times postexposure, the cells were lysed and analyzed by Western blotting for the expression of c-FLIP and �-actin. A blot representative of results obtained from
two independent experiments is shown, and the percentage of c-FLIP relative to �-actin is indicated below each lane.
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totic activity (42). The prosurvival function of Akt can be con-
verted to a proapoptotic function upon prolonged hyperactiva-
tion of the Akt kinase activity or by nuclear retention or unbal-
anced phosphorylation of the Akt protein (47). However,
pharmacological blockade of Akt phosphorylation with wortman-
nin failed to abrogate the virus-induced apoptosis response (or
prevent reduction in c-FLIP levels), suggesting that the apoptotic
response to viral infection is independent of the accumulation of
p-Akt. Wortmannin treatment also did not overcome the block to
DC maturation (CD83 expression). Further studies are needed to
precisely delineate the role of the persistent Akt phosphorylation
in response to HSV.

Despite the inability to induce maturation, live and UV-inac-
tivated HSV-2 paradoxically triggered the release of proinflamma-
tory cytokines, most notably TNF-�, although, as expected, only
the UV-inactivated virus induced an IFN response. The cytokine
response (and possibly other immune mediators released into cul-
ture supernatants after viral exposure) to live and inactivated
HSV-2 was sufficient to increase HIV replication in the chroni-
cally infected U1 cell line. These mediators could potentially acti-
vate T cells recruited to sites of HSV infection or reactivation,
which could serve as targets for HIV infection, thus further con-
tributing to the epidemiological synergy between HSV and HIV.
The ability of HSV to induce a state of functional anergy and to
induce apoptosis in both HSV-infected and bystander DC popu-
lations would render the DCs incapable of presenting HIV or HSV
antigens to the T cells, thus preventing the host from mounting an
effective cellular immune response against either virus. An addi-
tional mechanism that may contribute to the ability of HSV to fuel
HIV infection was suggested by a recent study that reported that
HSV induces the release of retinoic acid (RA) from DCs. RA ex-
pands �4�7

high CD4� T cell subset, which may be highly suscep-
tible to HIV, thus further enhancing HIV infection, particularly in
the gut (48).

FIG 8 Live HSV-2 triggers the release of TNF-� and IL-6, whereas UV-inactivated virus triggers an IFN response. (A) Immature moDCs were mock infected,
treated with LPS (1 �g/ml) or staurosporine (1 �M), or infected with live or UV-inactivated HSV-2(G) (MOI � 5 PFU/cell), and culture supernatants were
harvested at 24 h p.i. and analyzed by Luminex for cytokine levels. The results are means � the SEM obtained from duplicate wells from a minimum of nine
independent experiments. (B and C) Immature moDCs were exposed to the same stimuli and, 24 h postexposure, culture supernatants were assessed for the
release of IFN-� by ELISA (B) or the release of IFN-� by Luminex (C). (D) The cells were also lysed at the indicated times for the measurement of IFN-� gene
expression by qRT-PCR. The data are presented as pg/ml released (A, B, and C) and gene expression (relative to the housekeeping �-tubulin gene) (D). The data
are means � the SEM from three independent experiments. The asterisks indicate significant differences relative to mock-treated DCs (P 
 0.05).

FIG 9 HSV-2-exposed DC culture supernatants induce HIV-1 replication in
U1 cells. Human immature moDCs were mock exposed, exposed to LPS (1
�g/ml), and HSV-2G (MOI � 5 PFU/cell) (A) or UV-inactivated HSV-2G
(MOI � 5 PFU/cell) (B) for 1 h at 37°C. U1 cells were cultured for 4 days in
(UV-inactivated) DC supernatants harvested at 24 h post-HSV-2 exposure.
TNF-� (100 U/ml) was included as a positive control for induction of HIV-1
replication. HIV release into the U1 cell culture supernatants was monitored
by p24 ELISA on days 1 and 4. The results are means � the SEM obtained from
six (A) and four (B) independent experiments where each condition was tested
in triplicate. The asterisks indicate a significant increase in p24 relative to
mock-treated cells (P 
 0.05).
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How well the results observed in these studies with isolated
human moDCs translate to what happens clinically, where cross
talk between different cell types may modulate responses, requires
further study. It will also be important to assess how other human
DC populations (e.g., primary myeloid DCs, plasmacytoid DCs,
or Langerhans cells) respond to HSV. Sensitive PCR assays dem-
onstrate frequent and rapid reactivation and clearance of HSV-2
in genital tissue, which suggests that most of the time the mucosal
immune response controls viral infection (5). However, in the
setting of clinical recurrences, we speculate that the interference
with DC function helps the virus to escape the immune system.
Moreover, both in the setting of subclinical and clinical HSV re-
currences and even in the presence of suppressive acyclovir ther-
apy, the DC responses to HSV may promote HIV replication
through multiple mechanisms. The results obtained may also have
implications for mucosal vaccine strategies since HSV may
dampen immune response to mucosal immunization.
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