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Development/Plasticity/Repair

Infection with an Endemic Human Herpesvirus Disrupts
Critical Glial Precursor Cell Properties

Joerg Dietrich,' Benjamin M. Blumberg,? Mikhail Roshal,* Jeffrey V. Baker,? Sean D. Hurley,* Margot Mayer-Proschel,’
and David J. Mock?

Departments of 'Biomedical Genetics, 2Neurology, >Anatomy and Cell Biology, and *Microbiology and Immunology, University of Rochester School of
Medicine and Dentistry, Rochester, New York 14642

Human herpesvirus 6 (HHV-6), a common resident virus of the human CNS, has been implicated in both acute and chronic inflamma-
tory- demyelinating diseases. Although HHV-6 persists within the human CNS and has been described to infect mature oligodendrocytes,
nothing is known about the susceptibility of glial precursors, the ancestors of myelin-producing oligodendrocytes, to viral infection.

We show that HHV-6 infects human glial precursor cells in vitro. Active infection was demonstrated by both electron microscopy and
expression of viral gene transcripts and proteins, with subsequent formation of cell syncytia. Infection leads to alterations in cell
morphology and impairment of cell replication but not increased cell death. Infected cells showed decreased proliferation as measured by
bromodeoxyuridine uptake, which was confirmed by blunting of the cell growth rate of infected cells compared with uninfected controls
over time. The detailed analysis using novel, fluorescent-labeled HHV-6A or HHV-6B reagents demonstrated strong G, /S phase inhibi-
tion in infected precursor cells. Cell cycle arrest in HHV-6-infected cells was associated with a profound decrease in the expression of the
glial progenitor cell marker A2B5 and a corresponding increase in the oligodendrocyte differentiation marker GalC.

These data demonstrate for the first time that infection of primary human glial precursor cells with a neurologically relevant human
herpesvirus causes profound alterations of critical precursor cell properties. In light of recent observations that repair of CNS demyeli-
nation is dependent on the generation of mature oligodendrocytes from the glial precursor cell pool, these findings may have broad

implications for both the ineffective repair seen in demyelinating diseases and the disruption of normal glial maturation.
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Introduction

Infections of the human CNS caused by a wide variety of viruses
result in substantial morbidity and mortality worldwide (Whitley
and Gnann, 2002; Johnson, 2003; McCarthy, 2003). Among
these, the eight members of the human herpesvirus family are the
most frequent and significant causes of CNS infection; cytomeg-
alovirus (CMV), for example, is the most commonly recognized
cause of congenital anomalies of the human CNS (Stagno et al.,
1986; Demmler, 1991; McCutchan, 1995; Mamidi et al., 2002).
However, human herpesvirus (HHV) 6, the closest relative to
CMYV, is the most abundant resident HHV in the human brain,
detectable in up to 70% of human brain tissues at autopsy (Sand-
ers et al., 1996). CNS infection with HHV-6 may cause leukoen-
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cephalitis in both immunocompetent and immunocompro-
mised patients, accompanied by demyelinative lesions that fail to
repair (Carrigan et al., 1996; Novoa et al., 1997; Ito et al., 2000).
Typically, CNS infections by HHV-6 lead to benign viral latency,
a strategy for persistence used by all members of the herpesvirus
family. HHV-6 has been recently demonstrated to infect primary
human oligodendrocytes in vitro and in vivo (Albright et al., 1998;
Mocketal., 1999; Blumberg et al., 2000; Goodman et al., 2003), as
well as human astrocytes (He et al., 1996; Donati et al., 2003), but
virtually nothing is known about its effects on glial precursor
cells, from which both oligodendrocytes and astrocytes originate.

Oligodendrocyte precursors (OPCs) are of particular interest
in the context of demyelinating diseases because of an accumu-
lating consensus that most, if not all, remyelinating cells originate
from this precursor cell pool (Blakemore and Keirstead, 1999;
Franklin, 2002; Bruck et al., 2003). Although normal numbers of
OPCs are frequently present within early demyelinating lesions,
cells within the precursor pool appear to remain quiescent and
unable to appropriately proliferate and/or differentiate (Wol-
swijk, 1998; Chang et al., 2000, 2002). The exact mechanisms that
contribute to this repair failure remain mostly speculative.

The observation that aberrant precursor cell functions may
contribute to ineffective repair strategies, together with the fact
that HHV-6 is the most abundant herpesvirus in the human
brain, led us to examine the possibility that HHV-6 can infect
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human glial precursors and alter critical precursor cell functions.
However, the study of virus interactions with human glial pre-
cursor cells has been hampered by the lack of a renewable source
of such cells. Recently, human A2B5* glial precursor cells have
been isolated from fetal brain (Dietrich et al., 2002). These pri-
mary cells are capable of continuous replication in culture in
defined medium and can be induced to differentiate into oligo-
dendrocytes and astrocytes. Here, we show for the first time that
HHV-6 infection of human glial precursors induces profound
alterations of the critical progenitor cell properties of self-renewal
and differentiation.

Materials and Methods

Human glial precursor cell cultures. Human glial precursor cells were
isolated and purified as described previously (Dietrich et al., 2002).
Briefly, 18- to 20-week-old human fetal brain neural progenitor cells,
obtained from Cambrex (Baltimore, MD), were plated on fibronectin/
laminin (20 and 5 ug/ml, respectively)-coated plastic tissue culture flasks
(Nunc, Naperville, IL). Cells were grown in DMEM/F-12 (Invitrogen,
Gaithersburg, MD) supplemented with additives described by Botten-
stein and Sato (1979), basic FGF (bFGF; 10 ng/ml) and chick embryo
extract (10%), and prepared as described by Stemple and Anderson
(1992). A2B5 */neural cell adhesion molecule-negative glial precursor
cells were subsequently purified by immunopanning and fluorescence-
activated cell sorting (FACS) as described previously (Dietrich et
al., 2002). All experiments were performed on cells exposed to
oligodendrocyte-promoting conditions in the presence of bFGF (10 ng/
ml) and platelet-derived growth factor-AA (PDGF-AA; 10 ng/ml), or
bFGF alone. Human astrocytes, obtained from ScienCell (San Diego,
CA), were grown in the presence of bFGF (10 ng/ml) and bone morpho-
genetic protein-4 (10 ng/ml). Astrocytic phenotypes were confirmed by
GFAP expression using a human specific anti-GFAP monoclonal anti-
body (mAD) (see below also).

Virus propagation. HHV-6 virus stocks were produced by serial prop-
agation in permissive human lymphoblastoid cell lines as described pre-
viously (Rotola et al., 1998; Soldan et al., 2000). The U1102 strain of
HHV-6A was passaged in the J-JAHN cell line, whereas the Z29 strain of
HHV-6B was grown in SupT1 cells. Both cell lines were maintained in
RPMI 1640 media supplemented with 10% FCS at a density of ~5 X 10°
cells/ml. Cytopathological effects were noted typically within 5-7 d and
were manifested by vacuolization and “ballooning” of cells. At this point,
fresh cells were added in a ratio of 2:1 together with fresh media. Infection
was confirmed for all experiments by an immunofluorescent assay (IFA)
using monoclonal antibodies (ABI, Columbia, MD) to either the viral
proteins gp82/105 (A strain specific) or pl01 (B strain specific). Both
antibodies were diluted 1:50 and incubated overnight at 4°C before la-
beling for 1 hr at room temperature with FITC-conjugated horse anti-
mouse secondary antibody diluted at 1:500. Cells were counted on a
fluorescent microscope, aliquoted at 1 X 10 7 cells/mlin 1 ml cryotubes,
and frozen in liquid nitrogen. For all experiments, ~40—-60% of cells
were [FA positive.

Preparation of cell-free virus. Cell-free viral inocula were prepared by
pelleting 60—70 X 10°-infected J-JAHN (U1102 strain) or SupT1 (Z29
strain) cells at 400 X g for 15 min to remove cells. The supernatant was
removed and centrifuged again at 3000 X g for 15 min. The resulting
supernatant, entirely cell free as noted by microscopic observation, was
then centrifuged in a J-21 rotor for 3 hr at 16,000 X g to pellet virus.
Supernatants were removed, and viral pellets were resuspended in 1 ml of
DMEM/F-12 with Sato additives (same medium as used for glial progen-
itor cells). Uninfected inocula (controls) were prepared in the same man-
ner from uninfected cells, and aliquots were frozen at —80°C until use.

HHV-6 infection of human glial precursor cells. Infections were per-
formed by adding 100 ul of the cell-free virus preparations to one 80 cm>
tissue culture flask of human glial precursor cells containing ~2 X 10°
cells. Because HHV-6 is exceedingly cell associated with a strong ten-
dency for self-aggregation and clumping (Padilla et al., 2003), a true
multiplicity of infection (MOI) could not be obtained; rather, virus was
first titered in permissive SupT1 or J-JAHN cells, and the TCID, (tissue
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culture infectious dose required for infection of 50% of the susceptible
population of the permissive indicator cell line) was determined for each
batch by the method of Reed and Muench (1938). Infection was con-
firmed by examination of the appropriate lymphoblastoid cell line for
cytopathic effect and by IFA as described above.

To study the effects of HHV-6 infection on glial precursors, the pro-
tocol described above was followed, using the same ratio of virus to cells.
Control or infected human glial precursor cells were plated on
fibronectin/laminin-coated plastic flasks or coverslips in 24-well tissue
culture plates, as described previously (Dietrich et al., 2002). Cells were
incubated either 2 or 5 d in humidified chambers at 37°C before fixation
in 2% paraformaldehyde for 10 min.

Immunocytochemistry. Antigen expression of glial precursor cells was
assessed using the following antibodies: anti-A2B5 mouse IgM mAb to
label glia precursor cells (Rao et al., 1998; Scolding et al., 1999; Lee et al.,
2000; Dietrich et al., 2002); and anti-galactocerebroside mouse 1gG;
(GalG, 1:50; Developmental Hybridoma Bank, Iowa City, IA) (Lee et al.,
2000), anti-myelin/oligodendrocyte-specific protein IgM (1:100;
Chemicon, Temecula, CA) (Dyer etal., 1991), and anti-MBP mouse IgG,
mAb (1:100; Chemicon) to assess oligodendrocyte differentiation (War-
rington et al., 1992; Duchala et al., 1995). GFAP polyclonal rabbit Ig
(1:400; Dako, Carpinteria, CA) and GFAP IgG, mAD (1:200; Sternberger
Monoclonals, Lutherville, MA) were used to identify astrocytic differen-
tiation. Anti-CD46 mouse IgG, mAb (1:100; Chemicon) was used to
assess receptor expression for HHV-6 (Santoro et al., 1999) and anti-
HHV-6 gp116 mouse IgG1 mAb (1:50; Chemicon) to visualize HHV-6-
infected cells (Cardinali et al., 1998). Anti-CD21 mouse IgG,, (1:100;
Serotec, Oxford, UK) was used to confirm the presence of a main cellular
receptor for Epstein—Barr virus. Cell proliferation was assessed by bro-
modeoxyuridine (BrdU) incorporation and by using the mouse anti-
BrdU mAb IgG, (1:100; Sigma, St. Louis, MO) to label dividing cells. In
addition, Ki-67 staining (mouse anti-Ki67 IgM, 1:100; Sigma) was used
to assess the proportion of proliferating cells (Endl and Gerdes, 2000).
Stained cells on coverslips were rinsed two times in 1X PBS, counter-
stained with 4'6-diamidino-2-phenylindole (DAPI; Molecular Probes,
Eugene, OR) and mounted on glass slides with Fluoromount (Molecular
Probes). Staining against surface proteins was performed on cultures of
living cells or on cells fixed with 2% paraformaldehyde. Staining with
intracellular antibodies was performed by permeabilizing cells with ice-
cold methanol for 4 min or by using 0.5% Triton for 15 min on 2%
paraformaldehyde-fixed cells. Antibody binding was detected with ap-
propriate fluorescent dye-conjugated secondary antibodies at 10 pg/ml
(Southern Biotech, Birmingham, AL) or Alexa Fluor-coupled antibodies
at a concentration of 1 ug/ml (Molecular Probes), applied for 20 min.

Fluorophore labeling and titration of HHV-6A and HHV-6B. Infectious,
fluorescently labeled HHV-6 was prepared in a three-step procedure.
First, virus grown in permissive lymphoid cells and isolated as described
above was resuspended in 1X PBS and passed through a Sephadex G-50
spin column equilibrated with 1X PBS to remove small fragments that
might interfere with labeling. Second, the virus preparation was adjusted
to pH 9 with sodium bicarbonate and reacted with lyophilized succin-
imidyl esters (1 mg/ml virus) of either FITC (Roche, Indianapolis, IN) or
ALEXA 488 (Molecular Probes) for 2—4 hr at room temperature. Third,
the labeled virus was passed through a second Sephadex G-50 spin col-
umn equilibrated with DMEM/F-12 medium.

The labeled virus was immediately titrated in a simplified Reed—
Muench procedure by the addition of 1-20 ul aliquots to 2.5 X 10°
permissive SupT1 or J-JAHN cells suspended in 100 wl of RPMI medium
and incubation for 8 hr at 37°C in 5% CO, humidified incubator, before
examination on a fluorescent microscope (Eclipse E400 upright micro-
scope; Nikon). Typically, a maximum of 40—60% of cells are labeled
(TCIDs,) using 2—5 ul of virus per 250,000 cells. Because both HHV-6A
and -6B produce clumps of virus in permissive cells (Padilla et al., 2003)
and also give rise to syncytia and clumping of both SupT1 and glial
precursor cells, it is not possible to calculate a precise MOI. In over 20
experiments, we found that using 50 ul of virus per 5 X 10° glial precur-
sors in a 80 cm? flask (an estimated five times the TCID,,) is optimal.

Flow cytometry and cell cycle analysis. Human glial precursor cells were
harvested and analyzed by direct immunofluorescence using FITC-
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labeled HHV-6 together with propidium iodide (PI) staining to analyze
DNA content as described (Zhu et al., 2001). The cells were detached with
trypsin/EDTA, washed three times with 10 ml of 1X PBS, fixed with
0.25% paraformaldehyde in 1 X PBS for 1 hr, and stained with PI solution
containing 20 pg/ml PI, 0.2% Triton X-100, and 11.25 Kunitz units of
RNase A per milliliter in 1X PBS. Flow cytometric analysis was per-
formed in an Epics Elite ESP analyzer (Coulter, Hialeah, FL). Gating of
FITC-positive (i.e., HHV-6-FITC labeled) cells were established using
mock-infected cells as background. Because electronic settings varied
from experiment to experiment, gates were defined such that the per-
centage of false positive events was not higher than 0.3% in the mock-
infected population. Cell cycle analysis was performed using Multicycle
AV software (Phoenix Flow, San Diego, CA). Percentages of FITC-
positive cells in various stages of the cell cycle were compared with FITC-
negative cells from the same flask. All experiments were repeated at least
five times, with representative experiments shown. A schematic outline
of experiments using the fluorescently labeled virus is provided in sup-
plemental Figure 1 (available at www.jneurosci.org).

Fluorescence-activated cell sorting. FITC-positive and -negative cells
were isolated using the BD FACSVantage SE cell sorter (Becton Dickin-
son, Palo Alto, CA). FITC fluorescence was excited by an argon ion laser
at an emission wavelength of 488 nm, and fluorescence emission was
collected using a 530 +/— 30 nm bandpass filter. A two-parameter sort-
ing window (forward light scattering and FITC fluorescent intensity) was
used to define the FITC-positive and -negative cell populations. The cells
were sorted through a flow chamber with an 80 wm nozzle tip under 12
psi sheath fluid pressure. The sorted cells were collected into 15 ml con-
ical tubes filled with sterile media for biochemical analysis, and the
brightest 10% of the FITC-positive population were collected for the
study. On average, ~2 X 10° cells were collected for each experiment.

Reverse transcription-PCR. Total DNA and RNA were extracted from
HHV-6-infected and control glial precursor cells using TRIzol (Invitro-
gen) according to the manufacturer’s instructions. Reverse transcription
was accomplished with Superscript (Invitrogen) in a 20 ul volume using
the manufacturer’s recommended buffers. One microgram of total cel-
lular RNA was denatured for 5 min at 65°C with 1 ul each of 50 um
random hexamers and 10 mm dNTPs in a 12 ul volume under mineral
oil. After incubation for 25 min at 25°C, 4 ul of 5X first-strand buffer, 2
ul of DTT, 1 ul of RNase inhibitor, and 1 ul of enzyme (200 U/ul) were
added, and incubation was continued for 50 min at 37°C, followed by 60
min at 42°C. Reverse transcriptase was then inactivated by heating 15
min at 70°C, and 2 ul of this reaction was added to 50 ul PCR reactions,
which were performed in standard PCR buffer (Invitrogen) with 2 mm
MgCl,, 200 um dNTPs, 1 um primers, and 1 U of Platinum Taq (Invitro-
gen). Thermocycling in an MJ model 100 (M]J Research, Waltham, MA)
followed a touch-down protocol, with an initial denaturation of 30 sec at
95°C, 6 cycles of 95°C/30 sec, 69°C/1 min; 8 cycles of 94°C/1 min, 66°C/1
min, 72°C/1 min; 10 cycles of 94°C/1 min, 63°C/1 min, 72°C/1 min; 12
cycles of 94°C/1 min, 60°C/1 min, 72°C/1 min; 10 cycles of 94°C/1 min,
57°C/1 min, 72°C/1 min; and a final extension for 5 min at 72°C. The
PCR product was analyzed by agarose gel electrophoresis. U47 primers
were chosen to distinguish A and B strains (cf. Isegawa et al., 1999). The
following forward/reverse primer pairs were used (expected band size):
host glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene, 5'-
accacagtccatgccatcac/5'-tccaccaccctgttgetgta (550 bp); HHV-6 IE gene
U86, 5'-gcacatcctctgcttccaatctac/5'-geggatctgtctgageaatcg (370 bp);
HHV-6 late gene U47, 5'-acaccgaacacaccactccgat/5'-tgtacttcagttttgg-
cagttac (A strain, 350 bp; B strain, 500 bp).

Electron microscopy. The cells were fixed on glass slides in 2.5%
phosphate-buffered glutaraldehyde, pH 7.4, and postfixed in 1.0%
phosphate-buffered osmium tetroxide. The slides were passed through a
graded series of ethanol to 100%, infiltrated with liquid Spurr epoxy
resin, and embedded on the glass surface with inverted capsular molds
containing fresh resin. After polymerization at 70°C, the hardened cap-
sules containing the cells of interest were removed from the glass slide by
dipping into liquid nitrogen. The capsules were examined with a light
microscope to determine the area to be trimmed and sectioned with a
diamond knife onto 200 mesh copper grids. The grids were contrasted
with aqueous uranyl acetate for 10 min, lead citrate for 15 min, and
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examined and photographed with a 7100 transmission electron micro-
scope (Hitachi).

Lactate dehydrogenase assay for cell death. Glial precursor cell death was
measured by assaying lactate dehydrogenase (LDH) released from dead
cells using the Cytotoxicity Detection kit (Roche) per the manufacturer’s
instructions. All assays were run in triplicate with results read on a
Benchmark Elisa plate reader (Bio-Rad, Hercules, CA) using absorbance
at 490 nm. Data are expressed as relative absorbance units.

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling assay for cell death. To detect nuclear DNA fragmentation,
one criterion of apoptosis, we used the terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick-end labeling (TUNEL) as-
say on cells fixed with 2% paraformaldehyde. The ApopTag In Situ Cell
Death Detection kit (Intergene, Purchase, NY) was used according to the
manufacturer’s recommendations. The TUNEL assay was followed by
DAPI counterstaining to visualize nuclear morphology. Experiments
were performed in quadruplicate, and data were averaged to represent
the mean from three independent experiments.

Image and data analysis. Digital images were captured on a Eclipse
E400 upright microscope (Nikon) using the spot camera and the spot-
advanced software for Macintosh (Diagnostic Instruments). Quantita-
tive analysis was performed counting the total number of immunoreac-
tive cells per total number of viable cells as determined by phase-contrast
microscopy and/or immunostaining using DAPI (Molecular Probes) to
visualize cell nuclei. Each experiment was performed in quadruplicate in
at least three independent experiments. Photomicrographs were pro-
cessed on a Macintosh G4 and assembled with Adobe Photoshop 6.0.

Statistical analysis. In all comparisons, unpaired, two-tailed Student’s ¢
tests were used. Statistical significance was considered to be at a level of
p < 0.05.

Results
Human (A2B5 *) glial precursor cells can be infected
by HHV-6
HHV-6 (A and B strain) infection is thought to occur primarily
through binding to the cell surface receptor CD46, a complement
regulatory protein that is widely expressed throughout the hu-
man CNS (Santoro et al., 1999). To determine whether human
glial precursor cells may represent a target for HHV-6 virus in-
fection, the expression of CD46 was analyzed by immunocyto-
chemistry. As a positive control, we used human astrocytes that
have been described to be a target for HHV-6 infection. As shown
in Figure 1A, ~70-80% of A2B5 ™ precursors express CD46,
suggesting that these cells should allow virus attachment (as ex-
pected, CD-46 was also localized to GFAP Tastrocytes (supple-
mental Fig. 2). To evaluate whether CD46 expression on precur-
sor cells leads to virus attachment and subsequent infection and
expression of viral genes and proteins, we exposed glial precur-
sors to cell-free HHV-6A or -6B strain viruses at an estimated five
times the TCIDs,. Typically, 10-20% of precursor cells were in-
fected by either virus strain as judged by immunocytochemical
staining using specific antibodies against early and late structural
proteins of HHV-6A and -6B (p41 and gp116, respectively) and
the HHV-6B-specific mAb to the late protein p101. Figure 1, B
and C, demonstrates expression of viral proteins p41 and p101
antigens in glial precursor cells after infection with either
HHV-6A or HHV-6B, respectively. Glial precursors exposed to
control medium did not express these viral proteins (Fig. 1 D).
The type of viral infection in human glial precursor cells was
also confirmed at the mRNA level by reverse transcription (RT)-
PCR (Fig. 2). Transcripts corresponding to regions of a viral late
gene (U47) and an immediate early (IE) gene (U86) were com-
pared with a similarly sized region of the host housekeeping gene
GAPDH. A touchdown PCR protocol optimized for GAPDH and
primers capable of distinguishing A and B strains of HHV-6 were
used (see Materials and Methods). Strong bands representing
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Figure 1. Human glial precursor cells express the surface receptor (D46 and can be infected
with HHV-6. Glial precursors were adhered overnight to fibronectin/laminin-coated coverslips
before being fixed and immunostained with antibodies to (D46 (red) and counterstained with
DAPI (blue) to reveal cell nuclei ( A). Approximately 70— 80% of cells demonstrated expression
of (D46. Glial precursors were infected with HHV-6A ( B) or HHV-6B ( (), stained with antibodies
to the HHV-6 p41 and p101 proteins (green), and counterstained with DAPI to highlight cell
nuclei (blue). Approximately 10—-20% of cells exposed to either virus strain expressed viral

proteins. No viral protein expression could be detected in unexposed precursor cells (D). Scale
bars, 15 wm.

uUs6 (HHVBA)
use6 (HHV6B)
U86 (control)
U47 (HHV6A)
U47 (HHV6B)
U47 (control)

Markers
GAPDH

i 2 3 4 5 6 7 8

Figure 2.  HHV-6-infected and uninfected control precursor cells express IE (U86) and late
(U47) gene transcripts as determined by RT-PCR. Lanes 3 and 4 show a 370 bp HHV-6 amplicon
from the U86 gene. Lanes 6 and 7 show amplicons from gene U47 of HHV-6 strains A and B,
respectively. Note that the U47 A gene contains a 150 bp deletion with respect to the U47 B gene
within the region defined by the primers. No amplicons are generated from uninfected precur-
sor cells as shown in lanes 5 and 8.

both IE (U86) and late (U47) viral transcripts were readily detect-
able in cells exposed to virus (lanes 3 and 4 and lanes 6 and 7,
respectively) but not in uninfected cells (lanes 5 and 8). Taken
together, the above results show that human glial precursor cells
support active infection with both strains of HHV-6.

Effects of HHV-6 infection on cell morphology

HHV-6 infection in human lymphoid cells has been shown to
result in morphological changes characterized by syncytia forma-
tion and vacuolization [known as “ballooning degeneration”
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(Salahuddin et al., 1986)]. Therefore, we examined whether
HHV-6-infected precursors might exhibit similar morphological
changes. Cells were plated on fibronectin/laminin-coated dishes
and exposed to cell-free HHV-6B for 5 d, fixed with 2% parafor-
maldehyde, immunostained with a mADb against the viral gp116
(ALEXA green), and counterstained with DAPI (blue) to label
cell nuclei. Uninfected cells demonstrated characteristic polygo-
nal cell morphology with relatively few processes, as described
previously (Fig. 3A) (Dietrich et al., 2002). In contrast, HHV-6B-
infected cells showed morphological changes characterized by the
development of increased numbers of radial processes accompa-
nied by formation of multinucleated syncytia (Fig. 3B). Similar
results were also found after infection with HHV-6A (data not
shown).

These morphological alterations were more closely examined
using electron microscopy on selected fields of precursors in-
fected with FITC-labeled HHV-6A or HHV-6B 2 d after infec-
tion. Infected cells were identified by fluorescence microscopy,
and the areas of interest were marked before detailed examina-
tion by electron microscopy was performed. Multiple intracyto-
plasmic vacuoles filled with dense core particles were seen in
infected precursor cells (Fig. 3C). In contrast to uninfected cells,
infected precursors formed multinucleated syncytia (Fig. 3D). In
addition, spherical intracellular herpes-like viral particles pos-
sessing an electron-dense core, tegument, and capsid were iden-
tified (Fig. 3E). No syncytia or extensive vacuolization was seen in
uninfected cells (Fig. 3F). The appearance of the infected cells
was consistent with the well described cytopathological changes
associated with herpes family virus infections of lymphocytes
(Cermelli et al., 1997).

HHYV-6 infection impairs cell division of human

glial precursors

Subsequent experiments used FACS analyses and sorting of
FITC-labeled HHV-6-infected glial precursors, as outlined in
supplemental Figure 1. One of the key characteristics of glial
precursor cells is their ability to self-renew. To determine
whether virus infection affects the ability of glial precursors to
divide, we compared BrdU incorporation in infected and unin-
fected glial precursor cells (Fig. 4A). FAC-sorted HHV-6A,
HHV-6B, and uninfected precursor cells serving as controls were
incubated for 48 hr and pulsed with BrdU for 8 hr before fixation
with 2% paraformaldehyde and immunostaining. Quantification
of BrdU ™ cells as a percentage of the total number of cells dem-
onstrated significant suppression of BrdU uptake in precursors
infected with either HHV-6A or HHV-6B when compared with
controls. Overall, HHV-6-infected cells demonstrated an >30%
decrease in BrdU uptake (p < 0.0016 for HHV-6A and p <
0.0013 for HHV-6B) when compared with uninfected controls.
Similar results were obtained with Ki-67 as a proliferation marker
(data not shown). To confirm that a decrease of BrdU labeling
coincides with a suppressed cell growth over time in infected cells
compared with controls, FAC-sorted HHV-6A, HHV-6B, or un-
infected control human glial precursors were plated at the same
densities in 24-well plates in the presence of optimal growth con-
ditions. All conditions were performed in triplicate, cells were
stained with DAPI on the day indicated, and unbiased counting
of cell numbers was performed. As shown in Figure 4 B, HHV-
6A- or HHV-6B-infected precursors showed markedly dimin-
ished cell numbers at day 5 compared with uninfected controls.
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4 F

Figure 3.  HHV-6B-infected human glial precursor cells show morphological changes as determined by light and electron
microscopy. Cells were grown on fibonectin/laminin-coated coverslips for 5 d before being fixed and stained with antibodies
against HHV-6 gp116 (green) and counterstained with DAPI (blue). Uninfected cells demonstrated characteristic polygonal cell
morphology with relatively few processes characteristic of normal human glial precursor cells (A). In contrast, HHV-6B-infected
cells examined at the same 5 d time point exhibited morphological changes characterized by development of increased numbers
of radial processes accompanied by multinucleated syncytia (B). Morphological changes in HHV-6B-infected precursor cells ex-
amined by electron microscopy show extensive vacuolization and contain nests of dense core particles not seen in controls
(magnification, 4000X) ( €). Laterin infection with HHV-6B (or HHV6-A; data not shown), glial precursors formed multinucleated
syncytia (magnification, 1500><) (D). A high-power image of an HHV-6B-infected vacuole (magnification, 40,000X) shows
virions consistent in size and morphology with HHV-6 ( £); spherical intracellular viral particles possessing an electron-dense core,
tegument, and capsid were identified (arrow). No vacuolization or cell syncytia were seen in uninfected glial precursors (magni-
fication, 2500 X) (F). Scale bar (in A): A, B, 15 um.
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Figure4. HHV-6-infected glial precursor cells showed a decrease in BrdU incorporation that was accompanied by reduced cell
growth in culture over time. A, Precursor cells show decreased BrdU incorporation after HHV-6 infection. Quantification of BrdU-
positive glial precursor cells was expressed as a percentage of total cells. Precursor cells were either exposed or sham exposed to
HHV-6 overnight, fluorescence-activated cell sorted, and incubated for 48 hr before being pulsed with BrdU for the final 8 hr.
Proliferation of precursor cells was significantly reduced by infection with both the A and B strains of virus. p values are expressed
relative to uninfected control precursor cells (*p << 0.0016; **p << 0.0013). B, Glial precursor cells infected with HHV-6A or HHV-6B
showed markedly diminished cell numbers over time compared with uninfected controls. Cells were infected with HHV-6A or
HHV-6B overnight before being fluorescence-activated cell sorted in parallel with uninfected controls and plated at the same
density on coverslipsin optimal growth conditions in triplicate. Medium was changed every other day, cells were stained with DAPI
on the day indicated, and unbiased counting of all cells was performed. Cell numbers of infected populations were ~55-60% of
controls by day 5 after infection.
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onstrate G,/S arrest in a variety of tumor
cell lines after infection with the closely
related HHV and CMV (Wiebusch and
Hagemeier, 1999)]. In normal, uninfected
cells, this treatment blocks spindle forma-
tion and cell cycle progression leading to
accumulation of cells in G,/M (Fig.
5C,C"). If cells were unable to progress
through the G,/S phase as a result of pre-
ceding virus infection, we would expect
infected cells to be unable to progress to
G,/M in the presence of nocodazole, but
rather to remain and accumulate in G,/S.

We infected glial precursor cells (which
are predominantly in G,/S) with FITC-
labeled HHV-6A or HHV-6B and cul-
tured them for 48 hr. Then, we exposed all
the cells (infected and uninfected) to no-
codazole for an additional 24 hr. This
mixed population was then fixed and an-
alyzed by FACScan for both the DNA con-
tent and the presence or absence of virus
infection (FITC positive or FITC nega-
tive). Figure 5E demonstrates that FITC—
HHV-6A-infected precursor cells strongly
accumulate in G,/S, whereas the unin-
fected, non-FITC-labeled cells progress
normally to G,/M, where they are then ar-
rested, as expected, because of the pres-
ence of nocadozole (Fig. 5D). The effect of
the FITC-HHV-6B strain is somewhat less
pronounced (Fig. 5E"), but the number of
cells arrested in G,/S (18.9 + 21.0% =
39.9%) is still more than double the num-
ber of uninfected FITC-negative cells (4.5
+ 11.9% = 16.4% in Fig. 5D’). Exposure
of precursor cells to heat-inactivated
HHV-6A or HHV-6B (56°C for 30 min)
produced no evidence of cell cycle arrest
(data not shown). The graph in Fig. 5F
represents the average of five cell cycle ex-
periments, each with HHV-6A and HHV-
6B. Glial precursor cell infection with ei-
ther strain of HHV-6 resulted in
significant accumulation of infected cells
in G,/S and a corresponding decrease in
cells in G,/M compared with uninfected
controls.

HHV-6 infection is not associated with
increased glial precursor cell death

HHV-6-infected human glial precursor cells are inhibited
during the G, /S phase of the cell cycle

The finding of decreased DNA synthesis and cell growth in HHV-
6-infected precursor cells prompted us to examine whether in-
fection is associated with an arrest of cell division during a specific
phase in the cell cycle (Fig. 5). Compared with controls (Fig.
5A,A"), changes in precursor cell cycle profile attributable to
infection with either HHV-6A (Fig. 5B) or HHV-6B (Fig. 5B")
could not be readily discerned because of the normal predomi-
nance of cells in G,/S. Therefore, because it is not possible to
synchronize primary cells in G,/G,, we exposed precursor cells to
the G,/M blocking agent nocodazole [as has been done to dem-

The impairment of cell proliferation of infected precursors could
result in cell death. The LDH release assay was, therefore, used as
an overall measure of cell death in infected and uninfected pre-
cursors (Fig. 6A). The LDH content in the supernatant of control
and infected cultures at the same density were compared from 48
to 96 hr after infection. Although overall cell death increased over
time, no significant differences were apparent between infected
and control cells up to 96 hr after infection ( p values ranged from
0.09 to 0.88). In addition, TUNEL staining was used as corrobo-
rating evidence that glial precursor cells were not dying and did
not meet at least one criterion of apoptotic cell death, DNA frag-
mentation (Fig. 6 B). Consistent with the LDH analysis, no statis-
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tically significant differences were found
in the percentages of apoptotic control
cells compared with HHV-6A- or HHV-
6B-infected cells (p > 0.11 for HHV-6A
and p > 0.19 for HHV-6B, relative to un-
infected controls).

Human glial precursor cell infection
with HHV-6 increases expression of the
oligodendrocyte differentiation marker
GalC

To determine whether HHV-6-induced
cell cycle arrest affects human precursor
cell differentiation, infected cells were
plated at a density of 1000 cells/coverslip
and incubated an additional 48 hr in the
presence of both bFGF and PDGF-AA, a
medium that allows for oligodendrocytic
differentiation. Cells were then fixed in
2% paraformaldehyde before immuno-
staining for either the glial progenitor cell
marker A2B5 or the oligodendrocyte dif-
ferentiation marker GalC. Figure 7A
shows a representative fluorescence mi-
croscopic field from uninfected versus
HHV-6B-infected precursor cells immu-
nostained for GalC (red) and counter-
stained with DAPI (blue) to identify cell
nuclei. Consistently more GalC™ cells
were seen in infected glial precursors when
compared with uninfected controls. These
results are quantified in Figure 7B, show-
ing the percentages of GalC ¥, A2B5™, or
double positive cells. Infected precursor
cell cultures contained 65-70% GalC™
cells compared with 40—45% GalC * cells
in control cultures ( p = 0.035 for HHV-
6A; p = 0.028 for HHV-6B). Conversely,
the appearance of A2B5™ precursor cells
was markedly decreased, to ~25% in in-
fected cells compared with 55-60% in un-
infected controls ( p = 0.012 for HHV-6A;
p = 0.005 for HHV-6B). Staining for
GFAP to reveal astrocytic differentiation
under these conditions did not show a sig-
nificant change in the number of astro-
cytes (data not shown).

Discussion

The present study is the first to examine
the interaction of a common CNS-
resident HHV with primary human glial
precursor cells and demonstrates profound
virus-induced impairment in critical pre-
cursor cell properties. Human glial precur-
sors were found to express surface CD46, the
major cell surface receptor for HHV-6.
HHV-6 infection of glial precursors resulted
in early productive infection as evidenced by

the demonstration of late viral transcripts by RT-PCR, the expres-
sion of viral structural proteins by immunocytochemistry, and the
identification of characteristic herpesvirus virions within infected

glial precursors by electron microscopy.
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Figure 5.  HHV-6A and HHV-6B infection of human glial precursor cells result in cell cycle arrest. Human glial precursors were

infected with FITC=HHV-6 for 72 hr, fixed, and analyzed for DNA content by FACS. Uninfected controls show the characteristic
profile of proliferating glial precursors, with the majority of cells in G, /G, (A, A"). The effects of HHV6-A (B) or HHV-6B (B')
infection on precursor cell cycling cannot be visually discriminated from each other or the uninfected controls. The G, /M blocking
agent nocodazole caused uninfected precursors to accumulate in G, /M (G, C'). InDand £, as well as (D) and (E"), precursors were
exposed to FITC—HHV-6A and FITC—HHV-6B, respectively, followed by a terminal 24 hrincubation in nocodazole. HHV-6-negative
(D, D") or HHV-6-positive (£, £') cells from the same flask were then analyzed for DNA content. The nocodazole treatment permits
the discrimination of the G, /Sblockinduced by prior infection with either HHV-6A or HHV-6B (Fand £, respectively) in comparison
with uninfected controls (D and D'). F shows a summary of the results of HHV-6A and HHV-6B infection on glial precursor cell
cycling from five independent experiments. The error bars indicate SEM.
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Figure6. HHV-6-infection of human glial precursor cells was not associated with increased cell death. LDH assay of precursor

cell supernatants demonstrates no significant differences in LDH leakage attributable to cell membrane damage between HHV-
6-infected and uninfected control cells (A). TUNEL assay for apoptotic cell death also showed no significant difference between
HHV-6-infected and uninfected control cells examined 5 d after infection (B).

More prolonged infection with HHV-6 resulted in extensive
morphological changes, including cytoplasmic vacuolization and
the formation of multinucleated syncytia that showed multiple
radial processes. Our findings are consistent with previously pub-
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Figure7. Infection with HHV-6A and -6B inhibits self-renewal and promotes differentiation

of human glial progenitor cells. A representative fluorescence microscopic field from uninfected
versus HHV-6B-infected precursor cells immunostained for GalC (red) and counterstained with
DAPI (blue) for cell nuclei (A) is shown. Human glial progenitors were exposed overnight to
either FITC-labeled HHV-6A or HHV-6B before being separated on a fluorescence-activated cell
sorter and plated on coverslips. After a 48 hr incubation in a medium that allows for oligoden-
drocytic differentiation, cells were fixed and immunostained. The histogram ( B) shows that a
higher percentage of GalC ™ cells was seen in the HHV-6-infected cell population. Uninfected
precursor cell cultures (controls) contained ~ 55— 60% A2B5 * progenitor cells compared with
only 25-30% in either HHV-6A- or HHV-6B-infected cells. Conversely, in the HHV-6A- or HHV-
6B-infected populations, ~70% of cells expressed the oligodendrocyte differentiation antigen
GalC, compared with 40 — 45% in the uninfected controls. The percentage of cells coexpressing
both A2B5 and GalC was small and did not change significantly with infection. *p < 0.01;
*¥p <0.035). Scale bars, 75 m.

lished morphological changes observed after HHV-6 infection of
permissive lymphoid cells (Cermelli et al., 1997; Mayne et al.,
2001), primary mature human astrocytes (He et al., 1996), and
oligodendrocytes (Albright et al., 1998). These cells form en-
larged cells and multinucleated syncytia after HHV-6 infection in
vitro, a morphological change we also observed in infected glial
precursor cells.

The observation that glial precursor cells can be productively
infected with HHV-6 prompted us to analyze the biological con-
sequences of such an infection. One of the most pronounced
characteristics of glial precursor cells is their ability to self-renew.
We demonstrate that HHV-6 viral infection leads to a marked
suppression of precursor cell proliferation, as measured by de-
creased uptake of BrdU and Ki-67 immunostaining and a sup-
pression of cell growth over time compared with uninfected con-
trols. Subsequent flow cytometric studies identified a specific

J. Neurosci., May 19, 2004 - 24(20):4875- 4883 - 4881

G,/S phase arrest with both A and B strains of HHV-6. FAC-
sorted HHV-6A or -6B-infected precursors also displayed a
highly significant loss of the self-renewing glial precursor cellular
pool, as assayed by expression of the glial precursor cell marker
A2BS5. The loss of A2B5 was accompanied by a corresponding
induction of GalC™ oligodendrocytes. Therefore, virus-
mediated suppression of human glial precursor cell proliferation
and cell cycle arrest is accompanied by loss of the self-renewing
glial progenitor pool and an increase in differentiated oligoden-
droglial cell types.

The inhibition of proliferation and cell cycle arrest observed in
our studies are consistent with the previously reported ability of
HHYVs to cause cell cycle arrest in a variety of cell types (Fleming-
ton, 2001). Studies of human CMYV, a B-herpesvirus that is 67%
homologous to HHV-6 at the protein level (Dominguez et al.,
1999), as well as murine CMV have demonstrated an inhibition
of the G,/S phase transition in several distinct cell systems (Wie-
busch and Hagemeier, 1999; Kosugi et al., 2000; Flemington,
2001; Castillo and Kowalik, 2002). HHV-6 has been demon-
strated to be able to infect and arrest human bone marrow pro-
genitor cells in vitro (Luppi et al., 1999; Isomura et al., 2003) and
in vivo (Wilborn et al., 1994; Rosenfeld et al., 1995; Secchiero et
al., 1995) and to suppress proliferative responses to antigens and
mitogens (Burd and Carrigan, 1993; Horvat et al., 1993; Carrigan
and Knox, 1995). Our studies now extend the importance of
viral-mediated cell cycle arrest to relevant neural precursor cells
and show that this arrest is coupled with alterations in their dif-
ferentiation potential.

The disruption of precursor cell proliferation attributable to
HHV-6 infection might limit the availability of precursor cells for
recruitment to the site of injury. In addition, remyelination might
fail as a result of inappropriate differentiation of precursor cells
that are already present at the lesion site. In fact, our results
suggest that HHV-6 infection of precursor cells leads to increased
differentiation of precursor cells toward GalC * oligodendrocytes
compared with noninfected controls. These prematurely differ-
entiated oligodendrocytes may be more vulnerable to the inflam-
matory environment generated by viral infection than precursor
cells. One of the major inflammatory cytokines, tumor necrosis
factor @ (TNF-a) has been described in demyelinated lesions
(Raine etal., 1998; Bitsch et al., 2000) and is highly toxic to GalC ™
human oligodendrocytes in vivo and in vitro (Selmaj and Raine,
1988; McLarnon et al., 1993; McLaurin et al., 1995). Therefore,
the premature differentiation of glial progenitors in a TNF-a-
rich environment could result in the relative loss of the more
resilient precursor pool, replacing them with a more vulnerable
population of precursor cells or GalC ™ cells that are unable to
effectively remyelinate.

Interestingly, our results show that direct infection of the pre-
cursor population with virus is not accompanied by increased
cytotoxicity compared with uninfected control cells. This is in
direct contrast to findings in primary lymphocytes, in which
HHV-6 infection induced apoptotic cell death (Inoue et al.,
1997). Both the LDH assay, which measures cell membrane leak-
age, and the TUNEL assay, which measures DNA fragmentation
as a criterion of apoptotic cell death, showed no differences in cell
death between HHV-6-infected and uninfected precursors. If
anything, there was a weak trend toward enhanced survival in
infected cells. This finding may be of interest in light of recent
reports that the U45 gene product from both human and murine
CMYV has been reported to confer a weak antiapoptotic effect in
cultured cell lines (Brune et al., 2001; Patrone et al., 2003).

The human CNS contains multiple resident viruses, in addi-
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tion to herpes viruses, that have the potential to fundamentally
interfere with normal cellular functions without destroying the
infected cells (Haase et al., 1984; Johnson, 2003; Kennedy, 2003).
It has been shown that benign or latent infection by neurotropic
viruses may cause the loss of more differentiated cell functions
such as myelin formation (Oldstone et al., 1977, 1982; Oldstone,
2002). The results of this study now show that infection of glial
precursor cells by HHV-6 causes a disruption of basic and critical
properties of these cells. In addition, we have preliminary evi-
dence that human glial precursor cells might provide a target for
other known resident CNS viruses. In our experiments, we ob-
served that a significant number of glial precursor cells express
CD21, a known receptor for the y-HHV Epstein—Barr virus
(Tsoukas and Lambris, 1993) (data not shown). The presence of
the viral receptor CD21 on precursor cells raises the interesting
possibility that effects on glial progenitors, similar to those ob-
served in the present study, may not be limited to HHV-6.

Taken together, these findings raise the question of whether
infection of glial progenitor cells by resident viruses of the human
CNS might contribute to the yet unexplained incompetence of
myelin repair seen in human demyelinating diseases (Wolswijk,
1998; Franklin, 2002). It is clear that CNS disease represents a
dynamic process between mechanisms leading to cellular damage
and those participating in repair. The present study presents a
novel potential mechanism, suggesting that endogenous CNS-
resident herpes family viruses may be able to alter the dynamics of
repair in ways that may cause clinically apparent disease in the
setting of demyelinative or other neuroinflammatory or neuro-
degenerative processes. Interestingly, both clinicopathological
and magnetic resonance imaging studies clearly demonstrate that
a substantial segment of the population harbors clinically silent
lesions of white matter demyelination (Stewart et al., 1987; En-
gell, 1989).

A viral-induced dysregulation of critical neural precursor
properties such as proliferation and differentiation could con-
tribute to the extent or progression of a variety of neurological
diseases. In light of the abundance of HHV-6 and other herpes-
viruses in the human brain, our data raise the concern that
incompetence of repair might be a more common event than
previously recognized.
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