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Human herpesvirus 6 (HHV-6) has been implicated as a cofactor in the progressive loss of CD41 T cells
observed in AIDS patients. Because dendritic cells (DC) play an important role in the immunopathogenesis of
human immunodeficiency virus (HIV) disease, we studied the infection of DC by HHV-6 and coinfection of DC
by HHV-6 and HIV. Purified immature DC (derived from adherent peripheral blood mononuclear cells in the
presence of granulocyte-macrophage colony-stimulating factor and interleukin-4) could be infected with HHV-
6, as determined by PCR analyses, intracellular monoclonal antibody staining, and presence of virus in culture
supernatants. However, HHV-6-infected DC demonstrated neither cytopathic changes nor functional defects.
Interestingly, HHV-6 markedly suppressed HIV replication and syncytium formation in coinfected DC cultures.
This HHV-6-mediated anti-HIV effect was DC specific, occurred when HHV-6 was added either before or after
HIV, and was not due to decreased surface expression or function of CD4, CXCR4, or CCR5. Conversely, HIV
had no demonstrable effect on HHV-6 replication. These findings suggest that HHV-6 may protect DC from
HIV-induced cytopathicity in AIDS patients. We also demonstrate that interactions between HIV and herpes-
viruses are complex and that the observable outcome of dual infection is dependent on the target cell type.

Human herpesvirus 6 (HHV-6) is a betaherpesvirus and was
first discovered in 1986 (54). Primary infection with HHV-6
causes the childhood illness roseola (also known as exanthem
subitum) (65), as well as other childhood febrile illnesses (50),
and nearly ubiquitous infection occurs by the age of 3 years
(30, 46). Reactivation of HHV-6 during immunosuppression
(e.g., after transplantation and during AIDS), a common fea-
ture of human herpesviruses as a group, has been linked to a
variety of other diseases and pathologic processes. These in-
clude rejection of transplanted kidneys (43), chronic bone mar-
row suppression (17), interstitial pneumonitis (15), retinitis
(52), encephalitis (18), and active widespread disseminated
infection (2, 16, 26). In particular, because HHV-6 has been
implicated as a cofactor in the immunopathogenesis of AIDS
(7, 36), interactions between HHV-6 and human immunode-
ficiency virus (HIV) have been intensely studied.

Although HHV-6 was first reported as a B-cell-tropic virus
(54), it soon became clear that the predominant cell type in-
fected by HHV-6 is the CD41 T cell (TC) (40, 61). This led
Lusso, Gallo, and colleagues to perform a series of HHV-
6–HIV coinfection studies with a variety of CD41 and CD42

cells (35, 37–39). They found that HHV-6 and HIV could
coinfect CD41 TC in a synergistic manner (35) and that
HHV-6 could induce CD4 expression on CD81 TC, NK cells,
and g/d TC and thereby render these cells susceptible to HIV
infection (37–39). Other investigators have supported the con-
cept that HHV-6 and HIV could synergistically enhance viral
replication in coinfected cells (21, 24, 33, 57). However, other
research groups have demonstrated that HHV-6 is capable of
suppressing HIV replication (12, 31, 32, 47). The reasons for

these discrepancies are unclear but may be related to cell types,
viral strains, and doses of viruses used for the experiments.

Dendritic cells (DC) are bone marrow-derived potent anti-
gen-presenting cells, present in lymphoid and nonlymphoid
tissues, that are critical for the generation of primary and sec-
ondary immune responses (3). Although no previous studies
have examined HHV-6 infection in DC, numerous investiga-
tors have implicated DC in the immunopathogenesis of HIV
disease (for recent reviews, see references 9, 63, and 67). For
example, Langerhan’s cells (prototypic nonlymphoid DC of
the epidermis and genital mucosal epithelium) have been pro-
posed to be the first cell type infected following mucosal expo-
sure to HIV (5, 49, 58, 59, 66). DC are also extremely efficient
at transmitting HIV to CD41 TC during the generation of anti-
gen-specific immune responses (5, 11, 48), and thus DC may be
important in the depletion of TC as observed in AIDS patients
(22, 62). Since DC serve a key function within the immune sys-
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FIG. 1. HHV-6 infects DC. DC were propagated from either adherent
PBMC (Exp. 1) or elutriated monocytes (Exp. 2) in the presence of GM-CSF and
IL-4, purified, and exposed overnight to HHV-6Z29 at an MOI of 0.1. Excess
virus was washed out, and the cells were placed back into culture. DNA was
extracted from the cells at the indicated time points, and PCR was performed to
amplify HHV-6-specific sequences. Purified HHV-6 virions were used as positive
PCR controls. Peak infection was detected on day 7 following HHV-6 exposure.
The results shown are representative of at least five separate experiments.
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tem, it has also been postulated that DC dysfunction contrib-
utes to the onset and maintenance of immune system dysregu-
lation observed in HIV-infected individuals (41, 42).

We therefore studied HHV-6–HIV interactions by using
immature DC propagated from plastic-adherent peripheral
blood mononuclear cells (PBMC). The ability to generate DC
from human blood in the presence of stimulating and differ-
entiating cytokines (e.g., granulocyte-macrophage colony-stim-

ulating factor [GM-CSF] and interleukin-4 [IL-4]) has provid-
ed an opportunity to perform detailed studies on DC biology
with large numbers of relatively pure cells (53, 55). We dem-
onstrate that HHV-6 can infect DC and that HHV-6 infec-
tion markedly suppresses HIV replication in coinfected DC
cultures. The mechanism of this suppression is explored and
the possible clinical implications of our findings are dis-
cussed.

FIG. 2. HHV-6 infects DC. DC were propagated from either adherent PBMC (A and C) or elutriated monocytes (B) in the presence of GM-CSF and IL-4, purified,
and exposed overnight to HHV6Z29 at an MOI of 0.1. Excess virus was washed out, and cells were placed back into culture. Uninfected DC were cultured in parallel
(D). The cells were cytospun onto glass slides 7 days after infection, fixed, and incubated with anti-CD1a MAbs (green [A to D]), anti-HHV-6 MAbs (red [A, B, and
D]), or isotype control MAbs (red [C]). Yellow cells (A and B) represent CD1a1 DC productively infected with HHV-6.
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MATERIALS AND METHODS

Preparation of cells. DC were propagated from adult plastic-adherent PBMC
as previously described (5). Briefly, PBMC from healthy blood donors were
resuspended in RPMI 1640 (Gibco Laboratories, Grand Island, N.Y.) supple-
mented with 10% heat-inactivated fetal calf serum (Biofluids, Rockville, Md.),
100 U of penicillin (Gibco) per ml, 100 mg of streptomycin (Gibco) per ml, 2 mM

L-glutamine (Gibco), 10 mM HEPES (Gibco), and 5 3 1025 M 2-mercaptoetha-
nol (Sigma Chemical Co., St. Louis, Mo.) (complete medium) at 5 3 106 to 8 3
106 cells/ml and placed into 35-mm-diameter tissue culture plates (Becton Dick-
inson Labware, Lincoln Park, N.J.) for 2 h at 37°C. Nonadherent cells were
gently drawn off, and fresh complete media were returned to culture wells
supplemented with 1,000 U of recombinant human GM-CSF (rhGM-CSF) (Im-

FIG. 3. Viability, cellular proliferation, and immune function of HHV-6-infected DC. Purified DC were exposed overnight to HHV-6 (variety of MOIs for panels
A and B; MOI of 0.01 for panel C) or to HHV-6 pretreated with neutralizing anti-HHV6 MAb (B), washed, and placed back into culture. (A) Aliquots of viable cells
were counted on the indicated days. (B) DC were harvested 7 days after HHV-6 infection, replated with an equal number of cells/well, and pulsed for 16 h with [3H]
thymidine to determine cellular proliferation. (C) DC infected with HHV-6 for 7 days were harvested and cocultured with 105 allogeneic CD41 T cells for 6 days.
The cells were pulsed with [3H]thymidine for the last 16 h of culture to determine cellular proliferation. Values represent means and standard deviations in triplicate
cultures. The results shown are representative of at least three separate experiments. h, MOI 5 0.1; F, MOI 5 0.01; ‚, MOI 5 0.001; Œ, MOI 5 0.0001; E, no HHV-6.

FIG. 4. HHV-6 dramatically suppresses HIV replication in coinfected DC cultures. (A and B) Purified DC were exposed overnight to HHV-6Z29 at an MOI of 0.1,
washed, placed back into culture for 2 days, and exposed to HIVBaL (A) or HIVIIIB (B) at an MOI of 0.1 (arrows). (C and D) Purified DC were exposed overnight to HIVBaL
(C) or HIVIIIB (D) at an MOI of 0.1, washed, placed back into culture for 2 days, and exposed to HHV-6Z29 at an MOI of 0.1 (arrows). Culture supernatants were assessed
for HIV-1 p24 content every other day by RIA. The results shown are representative of at least five separate experiments. h, HIV alone; ‚, coinfection; E, HHV-6 alone.
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munex Corp., Seattle, Wash.) per ml and 1,000 U of rhIL-4 (R&D Systems,
Minneapolis, Minn.) per ml. Half of the total volume of medium was replaced
with fresh complete medium and cytokines every other day. On day 7, DC were
harvested and washed, and contaminating TC, macrophages, NK cells, and B
cells were removed from CD32 CD142 CD162 CD192 cells (i.e., DC) by
immunomagnetic bead separation as described previously (5). DC isolated by
this method were regularly .99% pure; the morphologic, phenotypic, and func-
tional characteristics of these DC populations have been characterized in detail
previously (5).

To obtain macrophages, highly purified monocytes were elutriated by centrif-
ugation of PBMC from healthy blood donors, resuspended in complete medium
supplemented with 1,000 U of rhGM-CSF per ml alone, and placed into 35-mm-
diameter tissue culture plates at 106/ml. Half of the total volume of medium was
replaced with fresh complete medium and rhGM-CSF every other day. On day
7, cells were scraped from the culture dishes, washed, and used for infection
experiments.

To obtain CD41 TC, PBMC were washed, resuspended in Hanks balanced salt
solution supplemented with 10% fetal calf serum, and placed into 75-cm2 plastic
culture flasks (Costar) for 1 h at 37°C. Nonadherent cells were drawn off and
were enriched for CD41 TC by negative selection with a commercially prepared
monoclonal antibody (MAb) cocktail/complement reagent (Lympho-Kwik; One
Lambda Inc., Los Angeles, Calif.) as recommended by the manufacturer.

For some experiments, 106 PBMC or CD41 TC per ml were cultured in
complete medium supplemented with 2 mg of phytohemagglutinin (PHA; Sigma)
per ml for 3 days, harvested, washed, and used for infection experiments or 50%
tissue culture infective dose assays.

Viruses and infection protocols. All viruses were purchased from Advanced
Biotechnologies Inc. (Columbia, Md.). Direct-pelleted HHV-6Z29 (variant B of
HHV-6) and HHV-6U1102 (variant A of HHV-6) were used at a multiplicity of
infection (MOI) of 0.0001 to 0.1 and 0.002, respectively. Direct-pelleted HIVBaL
(a macrophage-tropic strain of HIV-1) and direct-pelleted HIVIIIB (a TC-tropic

strain of HIV-1) were used at an MOI of 0.005 to 0.01 and 0.05 to 0.1, re-
spectively. For infection, target cells (i.e., DC, macrophages, or PHA-stimulated
PBMC) were resuspended in complete medium supplemented with cytokines
(GM-CSF and IL-4 for DC and GM-CSF for macrophages) at 2 3 106/ml,
inoculated with either HHV-6 or HIV at a variety of MOIs (as listed above), and
incubated overnight at 37°C. This culture period was assigned the designation of
day 21 to day 0. The cells were then washed three times in 50-ml volumes and
resuspended in cytokine-supplemented complete medium (GM-CSF and IL-4
for DC, GM-CSF for macrophages, and 10 U of rhIL-2 [Boehringer Mannheim,
Indianapolis, Ind.] per ml for PHA-stimulated PBMC) at 106 cells/ml. Half the
total volume of cultures was removed, stored at 270°C, and replaced with fresh
medium and cytokines every other day. In most coinfection experiments, HHV-
6 was inoculated 2 days before or after HIV infection.

To determine whether infectious HHV-6 was required to suppress HIV rep-
lication, HHV-6 was either heat inactivated for 30 min at 56°C or neutralized
with MAb prior to inoculation onto target cells. For neutralization studies, the
murine neutralizing anti-HHV-6 MAb OHV3 (44) was serially diluted and added
to 4 3 105 HHV-6Z29 infectious virions in 25 ml of diluted MAb. These mixtures
were incubated at 37°C for 1 h. HHV-6Z29 was also incubated with the murine
nonneutralizing anti-HHV-6 MAb OHV1 (45) in a similar manner. The MAbs
were kind gifts of Koichi Yamanishi, Osaka, Japan. Additionally, MAb solutions
were incubated in the absence of HHV-6 and then added directly to DC cultures
to assess the direct anti-HIV effects of the MAbs.

Assays to determine infection. HHV-6 infection in DC was assessed by PCR,
immunofluorescence (IF) staining, and examination of culture supernatants for
infectious virus. For PCR, DNA was extracted from cells on days 1, 3, 7, and 14
following HHV-6 infection by using a kit as recommended by the manufacturer
(Stratagene, La Jolla, Calif.). The presence of HHV-6-specific DNA was exam-
ined by PCR with previously published primers specific for an immediate-early
gene of HHV-6 (64). The cycling conditions were 23 cycles of denaturation for
1 min at 90°C, annealing for 2 min at 62°C, and polymerization for 3 min at 72°C.

FIG. 5. Pattern of HIV replication in PHA-stimulated PBMC and macrophages coinfected with HHV-6. PBMC were activated with PHA for 3 days prior to
infection and maintained in media containing IL-2 following infection. Macrophages were propagated from elutriated monocytes cultured for 7 days in the presence
of GM-CSF and maintained in media containing GM-CSF following infection. (A to C) PHA-stimulated PBMC (A and B) or macrophages (C) were exposed overnight
to HHV-6Z29 at an MOI of 0.1, washed, placed back into culture for 2 days, and exposed to HIVBaL (A and C) or HIVIIIB (B) at an MOI of 0.1 (arrows). (D to F)
PHA-stimulated PBMC (D and E) or macrophages (F) were exposed overnight to HIVBaL (D and F) or HIVIIIB (E) at an MOI of 0.1, washed, placed back into culture
for 2 days, and exposed to HHV-6Z29 at an MOI of 0.1 (arrows). Culture supernatants were assessed for HIV-1 p24 content every other day by RIA. The results shown
are representative of at least three separate experiments. h, HIV alone; ‚, coinfection; E, HHV-6 alone.
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Amplified PCR products were hybridized to an excess of 32P-end-labeled inter-
nal probe (59-TTCAGACCCGGTCTCTACAACTACTGAGTC-39). Following
hybridization, the samples were electrophoresed on 4% polyacrylamide gels,
dried, and developed for 4 to 24 h (Kodak BIO-MAX films). Purified HHV-6
DNA (Advanced Biotechnologies Inc.) was used as positive PCR control DNA.

To specifically identify HHV-6-infected DC, two-color IF analysis was per-
formed. DC were harvested on day 7 following infection, washed, cytospun onto
glass slides (20,000 cells/slide), and fixed for 10 min in cold acetone. They were
then incubated with the anti-HHV-6 MAb OHV3 at a dilution of 1:100 for 1 h,
washed three times, incubated for 30 min with biotinylated rat anti-mouse im-
munoglobulin G2a (IgG2a) MAb (Pharmingen, San Diego, Calif.) at a dilution
of 1:100, washed three times, and finally incubated for 30 min with a mixture of
Texas Red-conjugated streptavidin (Pharmingen) at a final dilution of 1:100 and
fluorescein isothiocyanate (FITC)-conjugated mouse anti-human CD1a at a final
dilution of 1:10. Finally, the slides were washed three times and examined with
an IF microscope. All incubations were performed at room temperature in a wet
chamber protected from visible light. HHV-6-infected DC incubated with iso-
type-matched MAbs directed against irrelevant antigens and HHV6-uninfected
DC incubated with HHV-6-specific MAbs were used as negative controls for all
IF assays.

Culture supernatants from HHV-6-infected DC were assessed for infectious
HHV-6 by inoculating supernatants onto susceptible target cells and monitoring
for HHV-6 Ag expression and cytopathic effects. Briefly, cell-free supernatants
from HHV-6-infected DC were collected, serially diluted, and placed into cul-
tures of PHA-stimulated CD41 TC for 2 weeks. IF staining for expression of
HHV-6 antigens as described above was performed on target cells, and the 50%
tissue culture infective dose end point was calculated by the method of Reed and
Muench (51).

Productive HIV infection was monitored by measuring HIV-1 p24 protein
levels in culture supernatants (collected as described above) by a radioimmuno-
fluorescence assay (RIA; DuPont, Wilmington, Del.) as recommended by the
manufacturer.

Assessment of viability, cellular proliferation, and immune function of HHV-
6-infected DC. By using trypan blue exclusion and a hemocytometer, DC viability
was assessed by counting live cells at various time points following infection. To
assess the effects of HHV-6 on cellular proliferation, DC were harvested 7 days
after HHV-6 infection, washed, counted, and placed back into culture for 2 days.
The cells were pulsed with 1 mCi of [3H]thymidine 30 h later and harvested 16
to 18 h later, and thymidine incorporation was detected with a b-counter. To as-
sess APC function, DC were harvested 7 days after HHV-6 infection, washed,
irradiated (2,000 rads, 137Cs source), and tested for their ability to stimulate the
proliferation of allogeneic CD41 TC. CD41 TC (105) were resuspended in com-
plete medium and cocultured with different numbers of HHV-6-infected or
uninfected DC. Cultures were performed in triplicate in 96-well flat-bottom wells
(Costar) and incubated in a humidified 5% CO2 atmosphere at 37°C for 6 days.
The cultures were pulsed with 1 mCi of [3H]thymidine on day 5.5 and harvested
16 to 18 h later, and thymidine incorporation was detected with a b-counter.

Cell surface expression and function of CD4, CXCR4, and CCR5 on HHV-
6-infected DC. To determine whether HHV-6 could affect CD4 or HIV core-
ceptor expression, DC were harvested 7 days after HHV-6 infection and washed,
and surface expression for these Ags was determined by Ab labeling and flow
cytometry. A total of 2 3 105 to 5 3 105 DC were resuspended in phosphate-
buffered 0.1% saline–bovine serum albumin–0.01% sodium azide (Fisher Scien-
tific Co., Fair Lawn, N.J.) containing either FITC-conjugated mouse anti-human
CD4 MAbs (Becton Dickinson, San Jose, Calif.), unconjugated rabbit anti-
human CXCR4 polyclonal IgG, or unconjugated rabbit anti-human CCR5 poly-

FIG. 6. Infectious HHV-6 is required to suppress HIV replication in coinfected DC cultures. (A, C, and D) Purified DC were exposed overnight to HHV-6Z29 at
a variety of MOIs (A) or at an MOI of 0.1 (C and D), washed, placed back into culture for 2 days, and exposed to HIVBaL at an MOI of 0.1 (arrows). (B) Purified
DC were exposed overnight to HIVBaL at an MOI of 0.1, washed, placed back into culture for 2 days, and exposed to HHV-6Z29 at a variety of MOIs (arrows). (C)
Some DC were exposed to HHV-6 that had been heat inactivated at 56°C for 30 min. (D) Some DC were exposed to HHV-6 that had been preincubated with different
concentrations of neutralizing anti-HHV-6 MAbs for 1 h at 37°C. HHV-6 preincubated with nonneutralizing anti-HHV-6 MAbs suppressed HIV replication in
coinfected DC cultures (results not shown). Culture supernatants were assessed for HIV-1 p24 content every other day by RIA. The results shown are representative
of at least three separate experiments. (A and B): h, MOI 5 0.1; F, MOI 5 0.01; ‚, MOI 5 0.001; Œ, MOI 5 0.0001; E, HIV alone. (C) h, HIV alone; ‚, coinfection;
E, coinfection with heat-inactivated HHV-6. (D) h, HIV alone; ‚, coinfection; F, coinfection with HHV-6 preincubated with 500 mg of the HHV-6 neutralizing MAb
OHV3 per ml; Œ, coinfection with HHV-6 pre-incubated with 5 mg of OHV3 per ml; ■, coinfection with HHV-6 preincubated with 0.5 mg of OHV3 per ml.
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clonal IgG (the last two Abs have been previously characterized [66]). Each Ab
solution was diluted to 10 mg/ml and incubated with DC for 1 h. FITC-labeled
cells (i.e., DC incubated with anti-CD4 MAbs) were then washed and analyzed
by flow cytometry with a FACScan (Becton Dickinson) equipped with CellQuest
software (Becton Dickinson). Propidium iodide-permeable cells were excluded
from all analyses. CXCR4- and CCR5-immunolabeled cells were further incu-
bated with biotinylated goat F(ab9)2 anti-rabbit IgG (Caltag Labs, San Francisco,
Calif.) at a dilution of 1:50 for 30 min, washed, and incubated with FITC-
conjugated streptavidin (Caltag) at a dilution of 1:50 for an additional 30 min.
The cells were then washed and examined by flow cytometry as above. All in-
cubations were performed in V-bottom 96-well plates at 4°C and protected from
visible light. HHV-6-infected DC incubated with either isotype-matched MAbs
directed against irrelevant Ags or preimmune rabbit serum and HHV-6-unin-
fected DC incubated with CD4- and HIV coreceptor-specific Abs were used as
controls for all flow-cytometric experiments.

To assess the function of cell surface CXCR4 and CCR5, DC were harvested
7 days after HHV-6 infection, washed, and cocultured with 12E1 cells infected
with vaccinia virus constructs expressing either monocytotropic or TC line-tropic
HIV-1 envelope proteins as described previously (66). Briefly, 12E1 cells were
infected with recombinant vaccinia viruses engineered to express envelope genes
isolated from HIVIIIB, HIVJR-FL, or HIVBaL strains at 10 PFU/cell. At 5 h later,
105 vaccinia virus-infected 12E1 cells were mixed with 105 HHV-6-infected or
uninfected DC and cocultured overnight. The formation of multinucleated syn-
cytia was used as a measurement of HIV-1 envelope-mediated cell fusion. Syn-
cytium formation could be blocked by anti-CD4 and anticoreceptor antibodies
(66). The CD41 CXCR41 CCR51 cell line PM1 was used as a positive control
for these experiments (14).

RESULTS

HHV-6 infects DC. HHV-6 infects a wide variety of cell types
(7), although infection in DC has not been previously studied.
To evaluate the ability of HHV-6 to replicate in purified DC
populations, DC were propagated from adult PBMC in the

presence of GM-CSF and IL-4 as previously described (5). The
DC were exposed overnight to two different HHV-6 strains at
a variety of MOIs, excess virus was washed away, and the cells
were placed back into culture. As detected by PCR with HHV-
6-specific primers, viral DNA was detected in DC in increasing
amounts, with the peak level of viral DNA being detected on
day 7 after infection (Fig. 1). Demonstrable viral DNA was
still present 14 days after infection (Fig. 1). DC could be
infected with both a prototypic variant A strain of HHV-6
(i.e., HHV6U1102) (results not shown) and a prototypic variant
B strain of HHV-6 (i.e., HHV-6Z29) (Fig. 1 and 2). HHV-6
infection was also assessed by IF staining for lytic-phase HHV-
6 proteins. On day 7 after infection, productively infected DC
could be visualized by this method (;2% of total CD1a1 cells)
(Fig. 2). Importantly, no HHV61 CD1a2 cells were detected
by IF. It is possible that more DC were latently infected by
HHV-6 (and therefore not detectable by our MAb staining), as
is often the case for herpesvirus infection of other cell types. In
addition, infectious virus could be recovered from DC culture
supernatants as detected by cytopathic effects and IF staining
in PHA-stimulated PBMC inoculated with supernatant from
HHV-6-infected DC cultures (see below). Thus, we have dem-
onstrated by several criteria that DC are susceptible to HHV-
6 infection in vitro.

Viability, cellular proliferation, and immune function of
HHV-6-infected DC. HHV-6 is cytopathic to many cell types
(7); therefore, we examined the viability of DC after HHV-6
infection. The viability of DC infected with MOIs from 0.0001

FIG. 7. Infectious HHV-6 is required to suppress HIV-induced syncytium formation in coinfected DC cultures. (A) Purified DC were exposed overnight to HIVBaL
at an MOI of 0.1, washed, and placed back into culture. (B to D) Purified DC were exposed overnight to HHV-6Z29 at an MOI of 0.1, washed, placed back into culture
for 2 days, and exposed to HIVBaL at an MOI of 0.1. (C and D) DC were exposed to HHV-6 that had been preincubated with 0.5 (C) or 500 (D) mg of neutralizing
anti-HHV-6 MAbs per ml for 1 h at 37°C. Photographs of culture dishes were taken 14 days following infection and show numerous large HIV-induced syncytia (arrows)
in panels A (no HHV-6) and D (neutralized HHV-6).
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to 0.01 was not different from the viability of uninfected con-
trol DC cultured in parallel; accelerated cell death was ob-
served only when HHV-6-infected DC were infected with a
high titer of virus (MOI 5 0.1) (Fig. 3A). HHV-6 infection has
also been reported to decrease cellular proliferation (23). We
found that HHV-6 decreased DC proliferation slightly yet
only when infected at a high MOI (0.1) (Fig. 3B). HHV-6
can induce defects in monocyte function as well (8). To deter-
mine whether HHV-6 could induce defects in DC immune
function, we tested the ability of HHV-6-infected DC to stim-
ulate allogeneic CD41 TC in a mixed lymphocyte reaction. As
shown in Fig. 3C, DC infected with HHV-6 at an MOI of 0.01
stimulated allogeneic TC as strongly as uninfected control DC
did in a 6-day coculture assay. Interestingly, HHV-6-infected
DC transmitted infection and induced cytopathic effects in
cocultured allogeneic CD41 TC when the cocultures were
continued for 10 to 14 days (results not shown). This ability of
HHV-6-infected DC to retain TC-stimulating potential and to
transmit a vigorous cytopathic viral infection to cocultured TC
is similar to the ability of HIV-exposed DC to transmit virus to
TC during the process of immune system activation (5, 11, 48,
49).

HHV-6 suppresses HIV replication in coinfected DC cultures.
HHV-6 dramatically suppressed HIV replication in coinfected
DC cultures. Both HHV-6U1102 and HHV-6Z29 exhibited anti-
HIV effects, and both HIVIIIB and HIVBaL were suppressed by
HHV-6 (Fig. 4). This HHV-6-mediated suppressive effect on
HIV replication was observed when DC were inoculated with
HHV-6 either 2 days before or 2 days after HIV inoculation (Fig.
4). The cell viability of coinfected cultures was not significantly
different from that of cultures infected with either virus alone or
of uninfected control DC (results not shown). However, HHV-6
at high MOI protected DC from HIV-induced syncytium forma-
tion, which was readily observed in DC cultures infected with
HIV alone 1 to 2 weeks after infection (see below). Interestingly,
the pattern and magnitude of the HHV-6-mediated HIV suppres-
sion was specific for DC cultures. Although preinfection of PHA-
stimulated PBMC or macrophages with HHV-6 had some sup-
pressive effects on the replication of HIVBaL (Fig. 5A and C),
these effects were not observed with HIVIIIB (Fig. 5B) and were
not observed if HHV-6 inoculation occurred after HIV inocula-
tion (Fig. 5D to F).

Mechanisms involved in the HHV-6-mediated suppression
of HIV replication in DC. To more accurately determine the
amount of HHV-6 necessary to suppress HIV replication,
HHV-6 was diluted from an MOI of 0.1 to 0.0001 before
inoculation. As shown in Fig. 6A and B, HHV-6 at MOIs of
$0.001 was able to effectively block HIV replication. At the
very low MOI of 0.001, this suppressive effect was more drama-
tic when HHV-6 was added to DC cultures before HIV addi-
tion (compare Fig. 6A and B). These data argue that only a
relatively small number of HHV-6-infected DC are necessary
to induce an anti-HIV effect in coinfected DC cultures.

To address the possibility that suppression of HIV replica-
tion was due to factors (other than HHV-6) that may be pres-
ent in viral stock solutions, HHV-6 was either heat inactivated
or neutralized with MAbs before being inoculated onto DC.
Heat-inactivated HHV-6 did not show any suppressive effects
on HIV p24 antigen production, whereas equal amounts of
nonheated virus suppressed HIV replication completely (Fig.
6C). Similarly, neutralization of infectious HHV-6 with an
HHV-6-specific MAb (OHV3) blocked the ability of HHV-6 to
suppress HIV in coinfected DC cultures (Fig. 6D). Incubating
HHV-6 with dilute amounts of neutralizing MAb OHV3 (Fig.
6D), as well as incubating HHV-6 with the HHV-6-specific
nonneutralizing MAb OHV1 (results not shown), had no effect

on the ability of HHV-6 to suppress HIV. For these experi-
ments, the p24 data correlated with the formation of syncytia in
DC cultures. That is, DC infected with HIV alone and cultures
coinfected with HIV and neutralized HHV-6 exhibited numer-
ous syncytia (Fig. 7A and D); by contrast, syncytia were not
observed in DC infected with HHV-6 alone or in cultures
coinfected with HIV and HHV-6 pretreated with low concen-
trations of MAb (Fig. 7B and C). Thus, these data strongly
suggest that infectious HHV-6 is required to mediate anti-HIV
effects in coinfected DC.

In studies where HHV-6 had been shown to facilitate HIV
replication, upregulation of CD4 expression was demonstrated
(37–39). As a possible mechanism for suppressing HIV, we
postulated that HHV-6 may be downregulating CD4 and/or
HIV coreceptor expression on the surface of DC. However,
cell surface expression of CD4, CXCR4, and CCR5 was not
changed on DC 7 days after HHV-6 infection compared to the
situation with uninfected DC (data not shown). The functions
of CXCR4 and CCR5, as determined in a fusion assay, were
also not markedly different in HHV-6-infected and control DC
(Table 1).

HIV does not suppress HHV-6 replication in coinfected DC
cultures. Since HHV-6 suppressed HIV replication, we next de-
termined whether the reverse was true, i.e., whether HIV sup-
pressed HHV6 replication. As shown in Fig. 8, this was not the
case. HIV did not enhance or suppress HHV-6 replication in
coinfected DC cultures. Also, comparable numbers of HHV-
6-infected cells (;2%) and HHV-6 Ag staining intensity were
detected by IF in DC from coinfected cultures and in DC
infected with HHV-6 alone.

DISCUSSION

HHV6 has been previously shown to infect a wide variety of
cell types, including TC, monocytes/macrophages, NK cells,
transformed cervical epithelial cells, and cell lines of TC,
B-cell, megakaryocyte, and glial-cell origin (1, 13, 25, 27, 37–
40, 54, 61). There also has been a report of HHV-6 infection of
tissue histiocytes (29, 34, 56) and a report suggesting that tu-
mors of Langerhan’s cell histiocytosis contain HHV-6 DNA
(28). In this study, we demonstrate that HHV-6 can also infect
DC in vitro. Unlike many other cells infected with HHV-6, DC
showed no cytopathic or functional changes at low HHV-6
MOIs. Interestingly, HHV-6-infected DC could strongly stim-
ulate allogeneic CD41 lymphocytes and could transmit virus to

TABLE 1. Syncytium formation between target cells expressing
CXCR4/CCR5 and HIV env-expressing cells

Expt Target cells

No. of syncytiaa for HIV
env-expressingb:

IIIB JR-FL BaL

1 DC 164 6 4 159 6 13 158 6 25
HHV-6–DCc 157 6 15 253 6 10 188 6 18

2 DC 34 6 9 244 6 17 159 6 22
HHV-6–DCc 93 6 18 208 6 15 147 6 11

PM1 (positive control) 300 6 10 238 6 22 201 6 1

a Mean syncytium number 6 standard deviation of triplicate wells after over-
night coculture at 37°C.

b 12E1 cells infected with recombinant vaccinia virus expressing TC-tropic
HIV env (e.g., HIVIIIB) fuse with target cells expressing CXCR4; 12E1 cells
infected with recombinant vaccinia virus expressing macrophage-tropic HIV env
(e.g., HIVJR-FL and HIVBaL) fuse with target cells expressing CCR5.

c DC were harvested 7 days after infection with HHV-6 (MOI, 0.1).
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TC during immune system activation. DC-mediated viral in-
fection of TC has also been previously reported for HIV (5, 11,
48). We speculate that TC infection with other viruses may also
be transmitted by DC during antigen-specific activation, per-
haps counteracting beneficial effects of DC-mediated induc-
tion of primary antiviral CD81 TC responses (4). Further study
is needed to determine whether this is a general pathway for vi-
ral infection of TC or whether it is restricted to certain viruses.

Because of a predominant tropism for CD41 TC, HHV-6
has also been suggested to be a cofactor in the progressive loss
of CD41 TC which occurs in AIDS patients (7, 36). There is
substantial in vitro (21, 24, 33, 35, 37–39, 57) and in vivo (2, 16,
26) evidence for this theory; however, other studies have not
supported it (12, 19, 31, 32, 47, 60). Viral strain and dose dif-
ferences may account for some of the discrepancies in the lab-
oratory studies, whereas differences in the clinical studies with
HIV-infected individuals may be influenced by drug histories
or other unknown confounding variables. We show here that
HHV-6 dramatically suppresses HIV replication in coinfected
DC cultures and that HHV-6 protects DC from HIV-induced
syncytium formation (Fig. 4 and 7). By contrast, HIV infection
had no effect on HHV-6 infection in DC (Fig. 8). Although DC
can serve as targets for HIV infection in vivo (20, 41) and in
vitro (5, 58), most studies have demonstrated that the absolute
number and function of DC present in tissues from HIV-
infected patients are relatively normal (6, 10). A possible im-
plication of our findings is that HHV-6 is protecting DC from
HIV-induced dysfunction and death in vivo. Thus, to deter-
mine the in vivo relevance of our data, it will be important to
determine whether HHV6-infected DC can be detected in tis-
sues from healthy as well as HIV-infected individuals.

Interestingly, the pattern of HHV-6-mediated anti-HIV ef-
fects observed in DC cultures was not observed in coinfected
macrophages or PHA-stimulated PBMC (compare Fig. 4 and
5). Although preinfection of macrophages and PHA-stimulat-
ed PBMC with HHV-6 did suppress the subsequent replication
of HIVBaL somewhat, the suppression was not as dramatic
as that observed in DC. Unlike DC cultures, neither HIVBaL
nor HIVIIIB was suppressed in macrophages and PBMC when
HHV-6 was added 2 days after HIV infection. These data
suggest that the cell type and viral strain affect the observable

outcome caused by dual infection with HIV and HHV-6. In
part, this may explain some of the different results obtained in
previous experimental and clinical studies examining the rela-
tionship between HIV and HHV-6.

The mechanism by which HHV-6 suppresses HIV replica-
tion in coinfected DC cultures is not clear. We show that
relatively small amounts of infectious HHV-6 are required;
HHV-6 MOIs of ,0.001, heat-inactivated HHV-6, and HHV-
6 neutralized with MAbs fail to suppress HIV replication
(Fig. 6 and 7). Decreased expression or function of CD4 or
HIV coreceptors do not appear to be involved (Table 1). Based
on these results, we believe that there are at least two addi-
tional possible mechanisms in coinfected DC cultures. (i)
HHV-6 could be blocking HIV transcription and translation in
individually coinfected cells (i.e., the intracellular hypothesis).
Because the sensitivity of our assay to detect productively in-
fected cells by IF was low (;2% of total cells), this hypothesis
could not be tested directly. (ii) HHV-6-infected DC may be
secreting an anti-HIV factor. This hypothesis is supported by
preliminary experiments in our laboratory, where we have
found that HHV-6-infected DC can suppress HIV replication
in DC when these two DC populations are separated by 0.45-
mm-pore-size membranes that restrict cell passage but allow
the passage of small soluble factors such as cytokines and
viruses (2a). This hypothesis does not necessarily require coin-
fection of individual cells. Understanding the exact mecha-
nisms involved in HHV-6-mediated suppression of HIV in DC
cultures will require additional study. Importantly, we have
demonstrated that interactions between HIV and herpesvi-
ruses are complex and that the observable outcome induced by
dual infection is dependent on the target cell type.
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