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Though first described as a lymphotropic virus, human herpesvirus 6 (HHV-6) is highly neuropathogenic.
Two viral variants are known: HHV-6A and HHV-6B. Both variants can infect glial cells and have been
differentially associated with central nervous system diseases, suggesting an HHV-6 variant-specific tropism
for glial cell subtypes. We have performed infections with both viral variants in human progenitor-derived
astrocytes (HPDA) and monitored infected cell cultures for cytopathic effect (CPE), intra- and extracellular
viral DNA load, the presence of viral particles by electronic microscopy, mRNA transcription, and viral protein
expression. HHV-6A established a productive infection with CPE, visible intracellular virions, and high virus
DNA loads. HHV-6B-infected HPDA showed no morphological changes, intracellular viral particles, and
decreasing intra- and extracellular viral DNA over time. After long-term passage, HHV-6B-infected HPDA had
stable but low levels of intracellular viral DNA load with no detectable viral mRNA. Our results demonstrate
that HHV-6A and HHV-6B have differential tropisms and patterns of infection for HPDA in vitro, where
HHYV-6A results in a productive lytic infection. In contrast, HHV-6B was associated with a nonproductive
infection. These findings suggest that HHV-6 variants might be responsible for specific infection patterns in
glial cells in vivo. Astrocytes may be an important reservoir for this virus in which differential tropism of
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HHV-6A and HHV-6B may be associated with different disease outcomes.

Human herpesvirus-6 (HHV-6), a ubiquitous B-herpesvirus
commonly acquired during childhood and infancy (29), is being
actively investigated as an underrecognized pathogen of hu-
man neurologic disease. The occurrence of encephalitis and
febrile or afebrile seizures as complications of primary infec-
tion has been described previously (41, 43), suggesting that
HHV-6 has neuropathogenic potential. In addition, HHV-6
has also been demonstrated to be the causative agent of en-
cephalitis in adult immunosuppressed patients such as bone
marrow transplant recipients (40). These findings, possibly due
to local viral reactivation, would suggest that not only does
HHV-6 spread to the central nervous system (CNS), but it can
also establish latency in the CNS, as confirmed by the detection
of HHV-6 DNA in autopsy samples from healthy individuals
).

Consistent evidence supporting the possible association of
HHV-6 in multiple sclerosis (MS) would suggest that HHV-6
is also involved in this inflammatory disease of the CNS (33).
Recent studies on autopsy brain samples from patients with
MS have reported a higher frequency of HHV-6 DNA in MS
plaques as opposed to normal-appearing white matter of the
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same patients and to unaffected brain specimens (7, 17), and a
recent investigation has documented significantly higher levels
of HHV-6 gene transcripts in both lesional and normal-ap-
pearing white matter in autopsy brain samples from MS pa-
tients than in those from normal controls (27).

However, since CNS disorders such as MS and encephalitis
are associated with inflammation, the detection of HHV-6 in
these diseases may be an epiphenomenon related to the pres-
ence of inflammatory cells. Arguments against this hypothesis
have been suggested by a recent report demonstrating the
presence of active HHV-6 infection in the absence of inflam-
mation in brain samples from a subset of patients with mesial
temporal lobe epilepsy (14). Importantly, this study demon-
strated the presence of HHV-6-infected astrocytes, supporting
the assumption that resident glial cells and not only peripheral
lymphocytes leaking through the blood brain barrier might
harbor the virus. The capacity of astrocytes to be infected with
HHV-6 is consistent with a number of reports (10, 20, 42). The
role of astrocytes in CNS function is increasingly being studied
and is challenging the view of glia as mere ancillary cells in the
CNS circuitry. Rather, evidence has suggested that astrocytes
can play an important role in neural functions that actively
modulate synaptic transmission (4). Therefore, it is possible
that the clinical manifestations of HHV-6 infection in the CNS
may be related to the capacity of this virus to replicate in
resident glial cells.

HHYV-6 has been subtyped into two variants, A and B (1),
based on genetic polymorphisms and clinical and biological
characteristics of these two variants. The sequences of the
U1102 strain for the A variant and of the Z29 strain for B
variant are known (13). Although HHV-6A and HHV-6B



9440 DONATI ET AL.

share an average sequence homology of 90%, the two variants
have unique properties and features so as to fulfill the criteria
for classification into two distinct viral species (5).

HHV-6 variant B is widely recognized as the agent associ-
ated with primary infection and its complications, while no
well-defined syndrome has been definitively linked to HHV-
6A, although an association of variant A in MS has been
reported (22, 34). In vitro studies suggest that the two variants
of HHV-6 have different patterns of infection and tropism for
glial cell subtypes. Though both variants can grow in glial
precursor cells (12), human primary glial cells (3, 20), and glia
cell lines (10, 42), infection with HHV-6A has been reported to
be associated with CPE and viral DNA detection (10), consis-
tent with a number of clinical observations suggesting a greater
neurotropism for this viral variant (19, 22, 34).

The wide cellular host range of HHV-6 may be attributed to
the ubiquity of its cellular receptor, CD46, which is shared by
both variants (31). CD46 is a member of a family of glycopro-
teins that function as regulators of complement activation to
prevent spontaneous activation of complement on autologous
cells. Other viral and bacterial agents use CD46 as a receptor
for entry or fusion through the use of different extracellular
domains (18, 21) consisting of a region rich in serine, threo-
nine, and proline (STP site) linked to four short consensus
repeats (SCR1 to SCR4). Though necessary, CD46 might not
be sufficient as the HHV-6 receptor, as suggested by the lack of
HHV-6 replication and cell-to-cell viral-mediated fusion in a
number of T-cell lines that are CD46 positive (31). The mo-
lecular basis of interaction between CD46 and HHV-6 is not
yet fully understood; however, recent in vitro studies have
suggested that virus-cell fusion required for entry and cell-cell
fusion of infected cells are not dependent on the same cellular
mechanisms (24).

To understand and define possible HHV-6 variant-specific
tropisms and pathogenicity in glial cells, the outcomes of in-
fection by HHV-6A and HHV-6B in human progenitor-de-
rived astrocytes (HPDA) were evaluated. Cellular toxicity, pro-
tein expression, ultrastructural analysis, DNA quantitation,
and RNA detection were used to evaluate the biological effect
and efficacy of infection by either variant. The results obtained
showed remarkable differences in the capacity of the two
HHV-6 variants to replicate in human astrocytes. HHV-6A
was associated with active virus growth and replication, while
HHV-6B infection was nonproductive. Additionally, HHV-6A
active infection of HPDA could be inhibited using a monoclo-
nal antibody raised against a specific CD46 SCR. These results
highlight further differences in HHV-6 tropism for human as-
trocytes and provide a framework to better understand the role
of HHV-6 variants in CNS disease.

MATERIALS AND METHODS

Cell cultures and HPDA differentiation. HPDA were obtained from human
fetal brain tissue and characterized as previously described (23). Selective dif-
ferentiation was achieved by culturing adherent cells in Eagle minimal essential
medium (HyClone, Logan, UT) supplemented with 10% FCS, 25 mM L-glu-
tamine, 100 IU/ml penicillin/streptomycin (Biowhittaker, Walkersville, MD), and
50 wg/ml gentamicin in poly-p-lysine (Sigma, St. Louis, MO)-treated flasks. Cells
were passaged at 80 to 90% confluence at a split ratio of 1:2 and plated at a
density of 5 X 10° cells/75-cm? flask. After 20 days of culture, cells were con-
sidered differentiated when they appeared >90% positive for the astrocytic
marker glial fibrillary acidic protein (GFAP) expression using an immunofluo-
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rescence assay (described below) and were ready for use. The lymphocytic cell
lines SupT-1 and Jjhan were maintained in RPMI 1640 medium (Gibco Invitro-
gen Corp., Grand Island, NY) containing 10% (for noninfected cells) or 5%
(infected cells) fetal calf serum (HyClone), 25 mM L-glutamine, and 100 IU/ml
penicillin/streptomycin.

Virus infections. Cell-free viral inocula were obtained by culturing HHV-6A
(U1102 and GS strains, obtained from C. Cermelli, Modena University, Italy,
and D. V. Ablashi, Advanced Biotechnologies Inc, Columbia, MD, respectively)
and HHV-6B (Z29 strain, a kind gift from P. Secchiero, Institute of Human
Virology, Baltimore, MD), respectively, on Jjhan, HSB2, and SupT-1 cells. When
CPE was >80%, the cell suspensions were centrifuged for 5 min at 200 X g. The
supernatants were harvested and centrifuged again at 1,800 X g for 5 min. The
cell-free supernatants were stored frozen at —70°C. A frozen aliquot was tested
for viral DNA quantitation using a real-time TagMan PCR (described below).
All the frozen cell-free supernatants used as inocula were thawed not more than
once. Virus-free supernatants from uninfected SupT-1 and Jjhan cells were
obtained by applying the same procedure and used as mock infection inoculum.

For infection, 6 X 10° HPDA were seeded onto a 75-cm? flask or 1 X 10° cells
were seeded onto 2-well chamber slides (Nunc, Rochester, NY). After an over-
night incubation, which allowed the cells to adhere, cultures were washed twice
with phosphate-buffered saline (PBS) and infected with freshly thawed cell-free
supernatant containing 10% DNA viral copies/10® HPDA. After a 3-hour incu-
bation at 37°C in 5% CO,, cultures were washed at least three times with PBS,
and fresh medium was added to the cultures. Since viral stocks may range in their
infectivity, and the viral DNA copies titrated in the samples might not corre-
spond entirely to viable virus, the viability of either inoculum was confirmed by
infecting SupT-1 cells, which are permissive to both variants, in parallel with the
same inoculum following the same procedures as those for infection of HPDA.
Procedures for mock infections and viral infections were performed, respectively,
in two separate laminar flow hoods.

Cell cultures were checked for CPE every day after infection. At every time
point (3 h, day 1, day 3, day 5, and day 7) after the infection, cell cultures were
centrifuged and pelleted after two washes in PBS, with adherent HPDA being
previously detached using trypsin (Sigma, St. Louis, MO) (5- to 10-min incuba-
tion at 37°C). Two aliquots of cell pellet were obtained and stored at —70°C
either as dry pellet for DNA or resuspended in 350 wl of RTL buffer (QIAGEN
Inc., Valencia, CA) for RNA isolation. The supernatants of infected and control
SupT-1 and HPDA cultures obtained after a double centrifugation were frozen,
while an aliquot of 200 pl underwent treatment for DNA extraction. Infection of
HPDA was performed at least five independent times with HHV-6A and six
times using HHV-6B.

For HHV-6 entry-blocking experiments, HPDA were seeded onto 6- and
2-well chamber slides. The infection, performed for 3 hours with HHV-6A
(U1102) supernatant from Jjhan cultures, was preceded by a 20-min incubation
at 37°C with monoclonal antibodies (10 wg/ml) M177, M160 (generously donated
by Tsukasa Seya, Osaka Medical Center, Osaka, Japan), and J4.48 (Immunotech,
Marseille, France), respectively, for anti-CD46 SCR-2, SCR-3, and SCR-1 (18)
or using an antibody against HLA-DR (BD Biosciences, San Jose, CA). No
antibody was used in the controls.

Immunofluorescence assay (IFA). HPDA were cultured directly on poly-p-
lysine-coated 2-chamber glass slides, and the infection was performed as de-
scribed below. At each time point, cells were fixed in an ice-cold acetone/
methanol (50:50, vol/vol) solution for 10 min at —20°C, rinsed with PBS, and
blocked with 3% bovine serum albumin solution at room temperature for 10 min.
PBS antibody solution containing 1/100 mouse monoclonal anti-HHV-6 gp116/
54/64 (Advanced Biotechnologies Inc., Columbia, MD) and 1/100 rabbit anti-
GFAP (DAKO Corp., Carpinteria, CA) was distributed on slides for 30 min at
37°C. After three rinses in PBS and two rinses in distilled water, the secondary
antibody-PBS solution containing a 1/1,000 dilution of Alexa Fluor 488 (green
fluorescence)-labeled anti-rabbit immunoglobulin G and a 1/1,000 dilution of
Alexa Fluor 594 (red fluorescence)-labeled anti-mouse immunoglobulin G2b
(Molecular Probes, Eugene OR) was distributed on the slides and incubated for
30 min at 37°C. Experiments on fixed SupT-1 cells infected with either variant
were performed using a 1/100-diluted fluorescein isothiocyanate-labeled anti-
mouse antibody (Sigma, St. Louis, MO) as a secondary antibody. Slides were
rinsed as described above. Coverslips were mounted using Vectashield Hard Set
mounting medium (Vector Laboratories, Burlingame, CA), with DAPI (4',6'-
diamidino-2-phenylindole). Samples were examined using a fluorescent micro-
scope (Carl Zeiss Microimaging Inc., Thornwood, NY) at X20 or X32 magnifi-
cation, with exposure times of 30 ms for the DAPI filter and 400 ms for both
fluorescein isothiocyanate and rhodamine filters.

Electron microscopic analysis. HPDA grown on poly-D-lysine-coated 2-well
glass chambers were fixed for 3 h with 4% glutaraldehyde in 0.1 M cacodylate
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buffer (pH 7.4) at room temperature. The cells were then washed in 0.1 M
cacodylate buffer, mordanted en bloc with 0.25% uranyl acetate overnight,
washed and dehydrated through a graded series of ethanol, and finally embedded
in epoxy resin. Thin sections were thereafter counterstained with uranyl acetate
and lead citrate and examined under a JEOL 1200 transmission electron micro-
scope operated at 60 kV. Images were captured with a digital camera system
(XR-100 from AMT, Danvers, MA).

DNA extraction and quantitative real-time PCR. DNA extractions were car-
ried out using the Qiamp blood kit or the Viral RNA kit (QIAGEN), respec-
tively, for extraction from cells or from supernatants according to the manufac-
turer’s instructions. The final elution volume of extracted DNA samples was 100
wl for cells and 70 wl for supernatants. DNA concentrations were adjusted to 10
ng/pl and applied to a 96-well TagMan plate in triplicates. Quantitative real-time
PCR specific for each of the two viral variants was performed as described
previously (14) using reagents from Life Technologies and a Sequence Detector
system (model 7700 [TagMan]; Perkin Elmer). The primers and probes used
(Applied Biosystems, Foster City, CA) were specific for the immediate-early
region of variants A and B (25). Samples were also quantitatively titrated for
human genomic B-actin DNA on a third real-time PCR assay, and final viral
DNA load per 10° cells was calculated by the following formula: (HHV-6 DNA
copy number/B-actin DNA copy number/2) X 10° = HHV-6 DNA copy number/
10° cells (14). Results were plotted and sorted using the Sequence Detector
System program (Perkin-Elmer, Wellesley, MA).

Long-term passage of HHV-6B-infected HPDA. Six different Z29 infections of
HPDA were performed in which three cultures were grown for up to six pas-
sages. HPDA were infected with 10® viral copies/10° cells (Z29 strain) and were
passaged every 6 days or at 80% confluence. Intracellular viral DNA and RNA
transcription were monitored at each passage. At passage 6, each flask was split
in two, and one was incubated in culture medium containing 50 nmol/ml phorbol
myristate acetate (PMA) (Sigma). The remaining flask was treated in parallel
with PMA-free medium. After 24 h, the medium was removed, the cultures were
washed twice with PBS, and fresh medium was added. Three days after PMA
treatment, samples for DNA and RNA analysis were taken from all cultures for
viral determination.

RNA extraction and retrotranscription-PCR (RT-PCR). RNA extractions
were performed on frozen pelleted cells using the RNeasy kit (QIAGEN) ac-
cording to the manufacturer’s instructions. The final elution volume was 30 pl. In
order to remove all viral DNA, up to 1 ng of RNA samples was digested with
DNase I (Invitrogen) for 20 min at room temperature. The enzyme was then
inactivated at 65°C for 10 min. The retrotranscription with random primers was
performed using ImProm-II Reverse Transcription system (Promega, Madison,
‘WI) according to the manufacturer’s instructions. cDNA samples were stored at
—20°C. One microgram of cDNA underwent a 35-cycle primary PCR for each
primer pair, with annealing temperatures of 57°C (U33 and U12), 54°C (U39),
52°C (U27), 59°C (U94), and 59°C (human B-actin). In the case of U12, U27,
U33, and U94, a 35-cycle nested PCR was run on 5 pl of amplified template, with
annealing temperatures of 57°C (U12 and U33), 59°C (U94), and 50°C (U27). All
primers were derived from GenBank sequences and designed using Primer 3.0
(Whitehead Institute [http://www.genome.wi.mit.edu/genome]). All cDNA sam-
ples were first tested for the human B-actin fragment in a 35-cycle primary PCR
specific for a spliced mRNA region. Primary and nested PCRs were performed
using QIAGEN Mastermix in a 50-pl final volume containing 25 pmol of each
primer pair. Ten microliters of the amplification product was electrophoresed in
agarose gel and stained with ethidium bromide as described previously (2).

U12 primers were designed to detect mRNA and not viral DNA, since they
amplify a spliced region, while for all other primers, viral DNA removal was
confirmed by the absence of any PCR signal at PCR for each of the RNA viral
primers on nonretrotranscribed RNA samples. Each set of primers was tested on
sample cDNA, on nonretrotranscribed RNA as a negative control, and on a
positive control cDNA obtained from SupT-1 cultures infected with either viral
variants.

RESULTS

HHV-6 variant-specific patterns of infection in HPDA.
HPDA cultures uniformly stained positively for GFAP and
morphologically resembled astrocytes as described previously
(23). Cell-free supernatants containing either HHV-6 variant
A or B were used to infect these cells at comparable levels of
HHV-6 DNA (1 X 10® copies/10° cells) as determined by
quantitative real-time PCR. At 3 h and 1, 3, 5, and 7 days

INFECTION OF ASTROCYTES BY HHV-6 9441

postinfection, cells were fixed for IFA and stained for HHV-6
expression with a monoclonal antibody specific for the HHV-6
gp116/54/64 surface glycoprotein and antibodies specific for
GFAP. HHV-6A (U1102)-infected HPDA showed formation
of syncytia (Fig. 1B, top), and by day 5 postinfection, more
than 60% of infected cells showed a marked CPE, with marked
cellular swelling and cell-cell fusion. Anti-HHV-6 gp116/54/64
reactivity was clearly localized perinuclearly in the cytoplasm
of most multinucleate giant cells which were intensely reactive
for GFAP, demonstrating that the infected cells retained their
astrocytic phenotype (Fig. 1B). The number of adherent cells
decreased over time, indicating a high rate of cell death. By day
14, the number of adherent cells in the culture had decreased
by 80%, and it was not possible to maintain a population of
surviving cells in culture. The occurrence of CPE and anti-
HHV-6 gpl116/54/64 reactivity was confirmed on HPDA in-
fected with the same concentration of another HHV-6A strain,
GS (Fig. 1B, center panels). CPE and virus protein expression
were demonstrated in control cultures of HHV-6A-infected
T-cell line SupT-1 (Fig. 1A). Moreover, cell-free supernatants
from HHV-6A-infected HPDA were used to inoculate a
known permissive naive T-cell line (Jjhan) that demonstrated
productive infections with CPE, cell death, and high intracel-
lular HHV-6A viral load at all time points analyzed, peaking
between 107 and 10° copies/10° cells at day 5 (data not shown).

In marked contrast to these observations in HHV-6A-in-
fected HPDA, cells infected with the same amount of viral
copies of cell-free HHV-6B (strain Z29) showed no CPE with
continued growth and replication. A small percentage of
HHV-6B-infected cells (5 to 15% depending on the experi-
ments) showed weak specific perinuclear staining for HHV-6
gp116/54/64 beginning at day 3 to day 7 postinfection (Fig. 1B,
bottom). Though viral genomes could be detected in the su-
pernatant (see Fig. 3C), no infectious virus was released, since
cell-free supernatants from HHV-6B-infected HPDA failed to
infect control SupT-1 cells (data not shown). To demonstrate
that this lack of infectivity for HHV-6B was specific for HPDA,
a known susceptible T-cell line was infected with the same
HHV-6B inoculum. SupT-1 cells infected with the Z29
HHV-6B variant showed a marked CPE and a strong immu-
noreactivity for HHV-6 gp116/54/64, thus confirming that the
supernatants used for the infection contained viable virus (Fig.
1A). Control mock-infected HPDA cultures tested at the same
time points resembled uninfected HPDA and showed no mor-
phological change or anti-HHV-6 gp116/54/64 reactivity while
remaining GFAP positive (Fig. 1A).

Ultrastructural analysis of HHV-6A-infected HPDA. To
confirm further that HHV-6A was replication competent in
HPDA, electron microscopic analyses were performed on
HHV-6A-infected HPDA at 5 and 7 days postinfection. High
numbers of HHV-6 viral nucleocapsids and virus with tegu-
ment could be visualized in the cell nucleus (Fig. 2A, arrows).
In the cytoplasm, particles with tegument and virions forming
envelopes could be observed (Fig. 2B, thin arrows). In addi-
tion, virus particles were also visualized outside the cell (Fig.
2B, thin arrows). HPDA were ultrastructurally identified by
their characteristic intracytoplasmic glial filaments (Fig. 2B,
thick arrow) (32). Each infected cell harbored more than
100 viral particles. In contrast, no viral particles could be
visualized in HPDA infected with HHV-6B at any time
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FIG. 1. Detection of HHV-6 gp116/54/64 glycoproteins in human progenitor-derived astrocytes and in T lymphocytes. (A) SupT-1 cells (left
images) infected with either HHV-6A (U1102) or with HHV-6B (Z29) show bright expression of viral glycoproteins gp116/54/64 (green) in the
cytosol. In contrast, mock-infected HPDA (right image) stain positively with an antibody against GFAP (green) and show no unspecific staining
for HHV-6 glycoproteins (lack of red signal). (B) Double IFA for viral glycoproteins (red, arrows) and GFAP (green) on HPDA at 3 days
postinfection with HHV-6. HPDA form syncytia following infection with the HHV-6A strains U1102 or GS but not with HHV-6B strain Z29.
Magnifications, X20 (A), X32 (B, top and center panels), and X20 (B, bottom panels).

point (data not shown). These data support the idea that HHV-6 is illustrated in Fig. 3. HPDA infected with the
only HHV-6A, but not HHV-6B, can establish a productive HHV-6A variant U1102 showed an increase in viral DNA
infection of HPDA. associated with active viral replication (Fig. 3A). The intracel-

Time course of HHV-6 infection in HPDA. The quantifica- lular viral DNA load decreased in the first 24 h and then
tion of viral load over time in HPDA infected with cell-free increased from day 1 to day 3 postinfection which then pla-
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FIG. 2. Detection of viral particles in HHV-6A-infected HPDA by electron microscopy. Viral particles (thin arrows) are present in the nucleus
(A) as well as in the cytosol at different stages of maturation (B) of infected HPDA, identified by characteristic glial filaments (thick arrow), at
day 7 after infection. Viral particles are also visible extracellularly (B). Magnification, x17,000.

teaued between 1.7 X 10% and 3 X 10® copies/10° cells for the results were comparable to those obtained with HHV-6A-in-
remaining observation period (day 7). In parallel, detection of fected control SupT-1 cells in which productive HHV-6A virus
viral DNA in cell-free supernatants was similar, with a peak in could be demonstrated (Fig. 3B); interestingly, viral load in the
viral load of 5.7 X 107 copies/ml at day 3 postinfection. These supernatants was consistently higher in HPDA cultures.
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FIG. 3. Quantitative detection of intracellular (filled circles) and extracellular (empty diamonds) HHV-6 DNA at 3 h and 1, 3, 5, and 7 days
postinfection of HPDA and SupT-1 cells. While both viral variants (U1102 and Z29) establish a productive infection in SupT-1 cells, only infection
with U1102 is productive in HPDA. Intracellular DNA is expressed as viral copies/10° cells; extracellular DNA is expressed as viral copies/milliliter
+ standard error of the mean of triplicate values. I, inoculum.
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FIG. 4. Quantitative detection of intracellular viral DNA in HHV-
6B-infected HPDA at subsequent passages and 3 days after PMA
treatment. In these cultures, the viral load decreases with number of
passages; treatment of infected cultures with PMA has no effect on the
viral load. Each bar with the same filling represents one separate
experiment.

In contrast, HPDA infected with a suspension of HHV-6B
(Z29 strain) containing the same amount of viral DNA copies
showed a gradual decrease in the viral DNA load over time
(Fig. 3C). HPDA cells appeared to not support a productive
HHV-6B infection, as demonstrated by a greater than 3-log
decrease by day 7 in both the intracellular and extracellular
viral load compared to the initial inoculum. The inability of
HHV-6B to replicate in HPDA appeared to be cell specific,
since HHV-6B infection was productive in SupT-1 cells (Fig.
3D). In these cultures, levels of HHV-6B were detected both
intracellularly and in cell-free supernatants (1 X 10° copies/10°

J. VIROL.

cells or/ml). These results further support the observations that
HHV-6A is associated with productive viral infection in
HPDA, while HHV-6B is not.

Infection of HPDA with HHV-6B is nonproductive and as-
sociated with mRNA transcription. As HHV-6A-infected
HPDA resulted in a productive viral infection associated with
high viral loads and CPE, these cultures were difficult to main-
tain for greater than 7 days postinfection. However, the non-
lytic infection of HPDA with HHV-6B afforded us the oppor-
tunity to propagate these cells for multiple passages. HHV-6B-
infected HPDA were cultured for 6 weeks (cell cultures were
split when confluent approximately once per week), and intra-
and extracellular HHV-6B DNA load was measured at each
passage using quantitative PCR. The results from three inde-
pendent experiments are shown in Fig. 4, in which there was a
consistent decrease in intracellular viral loads at each passage.
HHV-6B DNA appeared to plateau after the fourth passage at
a viral load of approximately 1 X 10* viral copies/10° cells.
These results are consistent with the hypothesis that HPDA do
not support productive HHV-6B infection.

While low levels of HHV-6B DNA could be demonstrated in
infected HPDA cultures (Fig. 4), it was of interest to deter-
mine if this was associated with the detection of HHV-6
mRNA for a variety of viral gene transcripts. Table 1 describes
the reported function of five viral mRNA genes analyzed in
this study (16). Immediate-early HHV-6 genes were repre-
sented by U94 transcripts: early genes were represented by
U12, U27, and U33, and late genes were represented by U39.
Of interest, the U94 gene has been reported to be associated
with HHV-6 latency (28). HPDA and control SupT-1 cultures
were infected with HHV-6A or HHV-6B and were tested for
transcription using an RT-PCR assay. As shown in Fig. 5A (as

TABLE 1. Primers used in RT-PCR“

Coding ORF Function” Primers cDNA length (bp) DNA length (bp)

U33 Capsid protein Primary F, GACAGCGCTGACACTGAAAA 174 174
Primary R, CGGTGATCGGAACAAATTCT
Nested F, CGGTCACGTTGTAGAGATGC 117 117
Nested R, CGGTGATCGGAACAAATTCT

Ul2 G-protein-coupled receptor Primary F, CACTGTCATTGAGCTGTCCAA 238 327
Primary R, ACCACATGAGCACAAAATCG
Nested F, CACTGTCATTGAGCTGTCCAA 113 202
Nested R, TGAGCGTGATTCCGGTAACT

U39 Glycoprotein B Nested F, CCATACCCTCCTCCTTTTCC 129 129
Nested R, CTTTCCTTATGCCACCAATCC

U27 DNA polymerase processivity factor Primary F, CGGGAACATAGAGAAACGAGAG 209 209
Primary R, GACAAAAACAAACATTCCGCC
Nested F, CTACAGTGACTTTCACGCC 100 100
Nested R, GACAAAAACAAACATTCCGCC

U9 Transactivation, AAV-2 Primary F, GCATACGTGCACCAATCATC 168 168

Primary R, ACGCTCAAGCGGAGAATAAA
Nested F, GCATACGTGCACCAATCATC 100 100
Nested R, GCGCAACGATAGGAAAACAC

Human B-actin

Primary F, CAAGAGATGGCCACGGCTGCT 275 340

Primary R, TCCTTCTGCATCCTGTCGGCA

“ ORF, open reading frame; AAV-2, adeno-associated virus type 2.
b See reference 16.
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FIG. 5. Detection of viral transcripts by RT-PCR in HPDA infected with HHV-6A or HHV-6B. RT-PCR for U33, U12, U39, U27, and U%
at day 3 postinfection is shown. Each set of primers was tested on HPDA ¢cDNA (S), nonretrotranscribed RNA as a negative control (C—), and
a positive control of cDNA obtained from SupT-1 cultures infected with either viral variant (C+). (A) HPDA infected with U1102. (B) HPDA
at day 3 postinfection with HHV-6B strain Z29. (C) After the third passage, no viral transcripts were detected in HPDA infected with Z29. B-actin

was used as an internal control.

a representative example of six separate experiments), all five
HHV-6 transcripts were detectable in control HHV-6A-in-
fected HPDA. In contrast, only U94, U27, and U33 were
detected early (from day 1 to day 7 postinfection) in HHV-6B-
infected HPDA (Fig. 5B). By the third passage (Fig. 4), no viral
mRNA transcripts were detected in HPDA (Fig. 5C). In con-
trast, SupT-1 cells infected with either HHV-6A or HHV-6B
were always positive for all five transcripts. The detection of
viral DNA in cultures of HHV-6B-infected HPDA in the ab-
sence of detectable viral mRNA suggested the possibility that
HHV-6B could establish a latent infection. However, attempts
to reactivate HHV-6 using PMA (performed in three separate
experiments) gave no appreciable increase in intracellular viral
load at 3 days after PMA treatment (Fig. 4), and mRNA
transcripts remained undetectable (data not shown).
HHYV-6A uses the SCR-2 domain of CD46 as its receptor in
HPDA. The ubiquitous cell surface molecule CD46 has been
demonstrated to be a receptor for a variety of microbial or-
ganisms including HHV-6 (6). However, different agents may
use different extracellular domains of CD46 (18). It was there-
fore of interest to determine which SCR domain of CD46 is
used by HHV-6A in infected HPDA. SCR-specific anti-CD46
monoclonal antibodies were used to demonstrate the require-
ment of this surface protein for HHV-6 entry. HPDA were
infected with HHV-6A in the presence of the different block-
ing monoclonal antibodies. As shown in Fig. 6, incubation with
a monoclonal antibody that blocks the SCR-2 domain (M177)
resulted in a greater than 1-log reduction in viral load com-

pared to that of HHV-6A-infected HPDA (no antibody) or
virus-infected cells incubated with an irrelevant antibody
(HLA-DR). In addition, incubation with the anti-SCR-2
monoclonal antibody also resulted in inhibition of CPE (data
not shown). Incubation with monoclonal antibodies to the
SCR-3 domain (M160) and SCR-4 (J4.48) had no effects on
HHV-6A virus loads (Fig. 6) and did not interfere with
HHV-6A CPE in infected HPDA. These results suggest that
HHV-6A utilizes the SCR-2 domain of CD46 as a cellular
receptor to infect HPDA.

DISCUSSION

The aim of the present study was to compare and define the
tropism of the HHV-6A and HHV-6B variants for human CNS
material. This has become increasingly significant, as there is a
greater appreciation for the role that these viruses play in
neurological disease (11, 33). An extensive study on a large
cohort of children and adults documented a relative predom-
inance of HHV-6A in cerebral spinal fluid from children.
Those authors claimed that this was suggestive of a greater
neurotropic potential of HHV-6A (19) and is in agreement
with the detection of HHV-6A in autopsy brain material three
times more frequently than HHV-6B (9). The results in this
study are strongly supportive for a variant-specific tropism and
infection pattern for HHV-6 in HPDA. We have demonstrated
substantial differences in infection efficacy and outcome be-
tween the two viral variants. HHV-6A gave rise to a productive
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FIG. 6. Viral load in HPDA 7 days after infection with HHV-6A strain U1102 and effect of blocking monoclonal antibodies against CD46.
Preincubation of HPDA with the monoclonal antibody M177 (against SCR2), but not with M160 (against SCR3), J4.48 (against SCR1), or antibody
anti-HLA-DR, significantly decreases the viral load in these cells compared to control (no antibody).

infection with visible CPE, IFA positivity, and maturing viral
particles. In contrast, variant B-infected HPDA had low intra-
and extracellular viral DNA that decreased over time with no
CPE or viral particles detectable by electron microscopy.

The results of HHV-6A infection in HPDA are in agreement
with previous investigations on variant-specific infection of fe-
tal astrocytes where HHV-6A (GS strain) was associated with
a productive virus infection (20). However, HHV-6B was also
stated (data not shown) to induce visible CPE and syncytia on
fetal astrocytes, though at a lower level than HHV-6A-infected
cultures (20). The data reported in the present study, demon-
strating nonproductive infection of astrocytes with HHV-6B,
are consistent with more recent reports on HHV-6 variant
infection of astrocytic cells (10, 42). Using a chemiluminescent
assay, viral DNA could be detected (10) in U373 MG astrocytic
cell line infected with HHV-6A but not with HHV-6B. Addi-
tionally, decreasing titers of HHV-6B DNA were demon-
strated in infected astrocytoma cell line U251 (42). As these
latter studies used transformed astrocytic cell lines, we endeav-
ored to utilize a possibly more relevant model system of human
astrocytes derived from human fetal progenitor cells. HPDA
are well characterized, and all cells were shown to be GFAP
positive and lack markers for neurons and oligodendrocytes
(23). Collectively, these results support the hypothesis that the
two variants of HHV-6 have differential effects in human as-
trocytes.

The inability of HHV-6B to productively infect HPDA lends
insight into possible mechanisms by which the virus fails to
grow in these cells. One possibility could be a decreased ability
or inability to bind and enter into infected HPDA, or alterna-
tively, there could be a block in viral replication after entry. It
has been shown that the HHV-6 receptor CD46 is necessary
but not sufficient to enable HHV-6 fusion/entry, since some
human T-cell lines were found to be nonpermissive for HHV-
6-mediated fusion and replication despite the presence of sig-
nificant surface levels of CD46 (31). Therefore, HHV-6B
might require an additional factor(s) (coreceptor) in addition
to CD46 to enter cells and induce cell-cell fusion. This possi-
bility might explain the different cell-specific tropism and fu-
sion capacity between HHV-6A and HHV-6B. Evidence has

been presented in this report that underlines the crucial rele-
vance of the SCR-2 domain of CD46 in HHV-6A binding to
HPDA. In contrast, it has been reported that the SCR-2 and
SCR-3 domains of CD46 were involved in HHV-6A binding to
lymphocytes (18, 30). Ongoing experiments are exploring
mechanisms of HHV-6B in HPDA.

The data presented in this study show that HHV-6B was able
to bind to its cellular receptor and enter cells. Therefore, it is
likely that a block in HHV-6B viral replication after entry is
associated with nonproductive infection of this variant in
HPDA, which is supported by the observation that HPDA
expresses CD46 (data not shown) and that viral DNA and
RNA transcripts could be detected early in infection. As quan-
titative real-time PCR for viral load determinations was used
to measure HHV-6B growth in infected HPDA, we took great
lengths to remove viral particles that may adhere to cell sur-
faces (the cells were washed several times and detached using
trypsin prior to DNA extraction). Therefore, any viral DNA
detected in HHV-6B-infected HPDA, though decreasing over
time, corresponded to HHV-6 after entry (31). Moreover,
HHV-6B-infected HPDA were positive for the immediate-
early RNA transcript U94 and for the early transcripts U27
and U33 up to the second passage and demonstrated weak
reactivity for the viral glycoprotein gp116/54/64 expression de-
tected by IFA during the first week of infection.

Of major interest in this study was that nonproductive
HHV-6B infection in HPDA also resulted in long-term cul-
tures (at least six passages) that contained low levels of
HHV-6B viral DNA in the absence of detectable message. The
ability to detect viral DNA without mRNA transcripts might
suggest either a latent or abortive infection. Although the
mechanisms of HHV-6 latency are poorly understood, it has
been suggested that the U94 gene, coding for a human parvo-
virus, adeno-associated virus type 2 (36), is a latency-associated
transcript (28). In HHV-6B-infected HPDA, the U9%4 mRNA
transcript was undetectable after the first week of infection.
Attempts to reactivate HHV-6 from these cultures with PMA
did not result in detectable viral transcription and were con-
sistent with a recent report where PMA also failed to reactivate
HHV-6B in the U373 astrocytoma cell line (10). The inability
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to reactivate HHV-6B would suggest an abortive rather than
latent infection of HPDA; however, there is the possibility that
stimuli other than PMA or phorbol esters might be effective in
HHV-6B reactivation.

The differential tropism of HHV-6A or HHV-6B in human
astrocytes has implications for the role of these variants in
human neurological disease. While human astrocytes are sus-
ceptible for HHV-6 B infection, HHV-6A appears to be more
Iytic and is associated with a productive infection in this cell
type. In disease in which HHV-6A has been implicated (34),
this viral variant could reach the CNS via infected inflamma-
tory cells. The hallmark of the MS lesion is inflammation in
which both oligodendrocytes (17) and astrocytes have been
shown to contain HHV-6 (7, 27). Direct viral infection of these
cells may be associated with abundant expression of viral an-
tigens and might contribute to an immune-mediated response
against viral antigens or shared sequence or conformational
homology with self-proteins (molecular mimicry). It has long
been suggested that a possible triggering mechanism in the
pathogenesis of MS may be molecular mimicry between mi-
crobial and self (myelin)-antigens, leading to the activation of
autoreactive T cells (38). Consistent with this hypothesis is an
increased HHV-6A-specific T-cell responses in the peripheral
blood of MS patients (34) and cross-reactive anti-HHV-6
CD4™" T cells with myelin basic proteins in MS patients (8, 35).

In contrast to HHV-6A-infected astrocytes, astrocytes in-
fected with HHV-6B may preferentially establish a nonproduc-
tive infection. Persistent virus infection of the CNS with sub-
sequent reactivations (a common feature of herpesviruses)
may give rise to a productive infection and recurrence of pe-
riodic immune responses that may be immunopathogenic.
Triggers that can reactivate HHV-6B in astrocytes are un-
known and are currently being investigated, although profound
immunosuppression has been associated with virus reactiva-
tion. This may account for HHV-6-associated encephalitis that
has been demonstrated in some patients after allogeneic bone
marrow transplantation (37, 39). The ability of viruses to es-
tablish latency in cells can also result in aberration of so called
“luxury functions” without cytopathology (26). If, for example,
HHV-6B-infected astrocytes have altered glutamate uptake
(15), this could adversely affect the homeostatic balance of
excitotoxic mediators possibly resulting in neuronal dysfunc-
tion (14).

In conclusion, the data presented in this study provide in-
sight into the understanding of HHV-6 and CNS disease. As-
trocytes may be an important reservoir for this virus in which
differential tropism of HHV-6A and HHV-6B may be associ-
ated with different disease outcomes.
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