JOURNAL OF VIROLOGY, Oct. 2007, p. 10424-10436
0022-538X/07/$08.00+0 doi:10.1128/JV1.00866-07

Vol. 81, No. 19

Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Long-Term Infection and Shedding of Human Cytomegalovirus in

T98G Glioblastoma Cells”

Min Hua Luo!? and Elizabeth A. Fortunato'*

Department of Microbiology, Molecular Biology and Biochemistry, University of Idaho, Moscow, Idaho 83844-3052," and
State Key Laboratory of Virology, Wuhan Institute of Virology, Chinese Academy of Sciences,
Wuhan 430071, People’s Republic of China*

Received 23 April 2007/Accepted 17 July 2007

Human cytomegalovirus (HCMYV) is the leading viral cause of birth defects, affecting primarily the central
nervous system (CNS). To further understand this CNS pathology, cells from glioblastoma cell lines T98G and
A172, the astrocytic glioblastoma cell line CCF-STTG1 (CCF), and the neuroblastoma cell line SH-SYSY
(SY5Y) were infected with HCMYV. CCF and SYS5Y cells were fully permissive for infection, while A172 cells were
nonpermissive. In T98G cells, the majority of cells showed viral deposition into the nucleus by 6 h postinfection
(hpi); however, viral immediate-early gene expression was observed in only ~30% of cells in the first 72 h. In
viral antigen (Ag)-positive cells, although the development of complete viral replication centers was delayed,
fully developed centers formed by 96 hpi. Interestingly, even at very late times postinfection, a mixture of
multiple small, bipolar, and large foci was always present. The initial trafficking of input pp65 into the nucleus
was also delayed. Titer and infectious-center assays showed a small number of T98G cells shedding virus at
very low levels. Surprisingly, both Ag-positive and Ag-negative cells continued to divide; because of this
continuous division, we adopted a protocol for passaging the T98G cells every third day to prevent overcrowd-
ing. Under this protocol, detectable infectious-virus shedding continued until passage 5 and viral gene
expression continued through eight passages. This evidence points to T98G cells as a promising model for

long-term infections.

Human cytomegalovirus (HCMV) is a ubiquitous betaher-
pesvirus harmless to most of the immunocompetent popula-
tion. However, HCMV congenital infection is the most com-
mon cause of virus-induced birth defects, particularly disorders
of the central nervous system (CNS). Each year, ~1% of all
newborns are congenitally infected, and of these infants, 5 to
10% manifest signs of serious neurological defects, including
deafness, mental retardation, blindness, microencephaly, hy-
drocephalus, and cerebral calcification (1, 3, 32). An additional
10% of congenitally infected infants are asymptomatic at birth
and subsequently develop brain disorders (9, 24).

It has been suggested previously that the severity of the
neuropathological changes and clinical outcomes may be asso-
ciated with the stage of CNS development at which congenital
infection occurs (2); however, the mechanism of HCMV neu-
ropathogenesis in the developing CNS is not well understood.
Many studies using mouse and human CMVs with cells ranging
from embryonic stem cells to neural precursors to cells of
carcinogenic cell lines have been performed in an attempt to
more clearly define this pathogenesis. This task is made par-
ticularly difficult by the range of permissiveness of the various
cell types within the brain.

During the infection of fully permissive cells, the HCMV
genome is temporally expressed. HCMV immediate-early (IE)
proteins are synthesized quickly and activate the early (E)
genes, whose products are essential for viral replication. Ex-
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pression of the late (L) proteins follows replication, and these
products are structural components of the virion. Permissive cells
infected with HCMYV readily produce large amounts of virus and
undergo lytic infection. Cell types not considered to be permissive
have been described previously as semi- or nonpermissive. The
latter category is fairly easily defined and includes cells either not
producing a full complement of proteins or not allowing any viral
protein synthesis and, hence, no subsequent production of virions.
Cells in the semipermissive category span a much broader range,
generally having delayed kinetics of protein expression and very
little measurable viral output.

As CMV has strict species specificity, studies using model
systems can provide insights into the mechanisms of HCMV-
associated effects in the developing brain. Work with the
mouse system by researchers in the lab of Tsutsui has indicated
likely cell types to investigate. Shinmura et al. (30) found that
the injection of murine CMV into the cerebral ventricles of
mouse embryos causes a disturbance in neuronal migration
and a marked loss of neurons. They proposed that these events
may be a cause of microencephaly due to CMV infection. A
later paper from Kosugi et al. (15) suggested that neurons in
the cortex can be infected, produce low levels of virus, and
persist in the infected mouse brain. These neurons appear to
escape detection by natural killer cells and macrophages.

Scant research using human fetal tissue has been performed,
and the results are somewhat conflicting; despite these differ-
ences, some clear messages can be gleaned from these studies.
First, neural progenitor cells, from which all of the main CNS
cell types are derived, are permissive for infection and likely
release limited amounts of virus (6, 20-22). Second, differen-
tiated neural progenitor cells establish three cell types in cul-
ture: astrocytes (positive for glial fibrillary acidic protein), mi-
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FIG. 1. Flow chart of the passaging scheme used in this study. See Materials and Methods and the remainder of the text for details.

croglial cells (CD68"), and neurons (positive for
neurofilament). Astrocytes have previously been shown to be
fully permissive (analogous to fibroblasts) and release signifi-
cant quantities of virus (6, 17). The data on both microglial
cells (16, 17) and neurons (6, 17, 20) are conflicting; some of
the studies claim that they are somewhat permissive (shedding
low levels of virus), and others claim that both cell types are
nonpermissive.

Due to the inherent difficulty of obtaining and working with
primary human neural cultures, much work has been done with
established human cell lines. This includes work with several
different astrocytoma/glioblastoma and neuroblastoma cell
lines (14), oligodendroglioma (HOG) cells (31), and the un-
transformed neuronal HCN-1A cells (25). From these studies,
together with the work on primary human cells, it appears that
several neural cell types are permissive (at least to some ex-
tent) for HCMYV infection. However, the state of differentia-
tion of the cell appears to have a dramatic bearing on permis-
siveness. Is it possible that in the fetal brain, within which a
tremendous amount of differentiation is occurring, the cellular
environment favors viral gene expression? A cell’s degree of
permissiveness for HCMV infection can change as differenti-
ation signaling changes, but whether the virus oscillates be-
tween a permissive or semipermissive infection state and a
latent infection state remains to be determined.

To begin assessing long-term infection in the brain, we have
examined viral gene expression and virion release in the semi-
permissive cell line T98G. We found that this cell type ex-
presses all classes of viral proteins and produces small amounts
of virus for extended periods (up to 1 month). In addition, we
found direct evidence of the continued division of antigen
(Ag)-positive cells. This, to the best of our knowledge, is the
first clear evidence of this phenomenon. Implications for the
potential of T98G cells as a model for studying long-term
infection are discussed.

MATERIALS AND METHODS

Cell lines and cell culture. T98G (human glioblastoma cell line; ATCC CRL-
1690) cells and human foreskin fibroblasts (HFFs; obtained from the University
of California, San Diego, Medical Center) were grown in minimal essential

medium (GIBCO BRL); A172 (human glioblastoma cell line; ATCC CRL-1620)
and SH-SY5Y (SY5Y; human neuroblastoma cell line; ATCC CRL-2266) cells
were grown in Dulbecco’s minimal essential medium (GIBCO BRL); and CCF-
STTG1 (CCF; human astrocytic glioblastoma cell line; ATCC CRL-1718) cells
were grown in RPMI 1640 (GIBCO BRL). All media were supplemented with
10% fetal bovine serum, penicillin (200 U/ml) and streptomycin (200 wg/ml),
L-glutamine (2 mM), and amphotericin B (Fungizone; 1.5 pg/ml). Cells were
maintained at 37°C in a humidified atmosphere containing 5% CO,.

In order to visualize cells in metaphase, dividing cells were arrested by treat-
ment with ethidium bromide (5 pg/ml) for 20 min, followed by colchicine (0.1
pg/ml) for an additional 30 min prior to the time of harvest (10). These cells were
then fixed, permeabilized, and processed as described below. In one set of
experiments, cells were pulsed with 10 WM bromodeoxyuridine (BrdU) for 30
min and then washed and allowed to incubate for a further 30 min (chase) in
fresh medium prior to treatment with ethidium. This BrdU incubation was
performed to allow the localization of actively replicating viral DNA within
infected cell nuclei (11).

Virus and virus infection. HCMV strain Towne (ATCC VR977) was used in
these studies. Virus was propagated on a monolayer of HFFs and titrated by
plaque assays as described previously (33). All cell types were serum starved (in
0% serum) for 2.5 days to synchronize them in G, Prior to infection, cells were
replated and allowed 2 h to attach. All cell types were infected at a multiplicity
of infection (MOI) of 10. The cells were incubated with virus for 12 to 16 h
(unless otherwise noted; see below), and subsequently, the inoculum was re-
moved and cells were re-fed. Cells were harvested at the indicated times postin-
fection (pi). BrdU-labeled virus was prepared as previously described (28). In
studies using BrdU-labeled virus, cells were incubated with virus for either 1 or
6 h prior to the removal of the inoculum.

Passaging experiments. To allow continual investigation of HCMYV infection
in T98G cells without overcrowding, cultures were serially passaged at 3-day
intervals. Following serum starvation to synchronize cells, aliquots of cells (5 X
10°) were seeded onto 10-cm dishes, some with poly-L-lysine-coated glass cov-
erslips and others without coverslips, and the cells on each dish were infected at
an MOI of 10. The initial infection was designated passage 0 (P0). At 1-day
intervals, the coverslips were harvested, cells were fixed with 3% formaldehyde,
and the coverslips were stored at 4°C for later analysis. On day 3, the remaining
infected cells (from the dishes without coverslips) were harvested, combined,
counted, and reseeded in the same manner (5 X 10° cells/dish) as in the first
round. This first subculture was designated P1. The subsequent subcultures (P2
through P8) were performed in the same manner at 3-day intervals. A specific
time point within a certain passage can be expressed as the number of days
postinfection (dpi) by multiplying the passage number (P#) by 3 days and adding
the time point in days (tpd) within that passage, as follows: ([P# X 3] + tpd). For
example, day 2 of P4 can be expressed as (4 X 3) + 2, or 14, days dpi. A flow
chart of the passaging of the infected cells is shown in Fig. 1.

Preparation of cell lysates and Western blotting. Cells were rinsed with phos-
phate-buffered saline (PBS) once, trypsinized, harvested, and washed again with
ice-cold PBS. Cells were then resuspended in ice-cold PBS, counted, and spun
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into a pellet. Cell pellets were snap-frozen in liquid nitrogen and then stored at
—80°C until the time course was completed. An additional set of experiments
(see Fig. 2C) was conducted by following the same protocol (harvesting cells
every 24 h), in which a single culture was allowed to progress for 216 h total.
Whole-cell lysates were prepared as described previously (18).

Immunofluorescence (IF) analysis. The serum-starved T98G and CCF cells
were trypsinized and replated onto 100-mm dishes (5 X 10° cells per dish)
containing poly-L-lysine-coated coverslips. After infection, the coverslips were
harvested at the indicated times pi and rinsed in PBS. The cells on the coverslips
were then fixed with 3% formaldehyde (in PBS) at room temperature for 10 min
and permeabilized with 1% Triton X-100 (in PBS) at room temperature for 5
min, and the coverslips were washed three times in PBS. Cells were blocked with
30% fetal bovine serum in a blocking solution (PBS with 1% bovine serum
albumin and 0.01% Tween 20) for 15 min, and then the coverslips were incu-
bated with primary antibodies (Abs) diluted in blocking solution for 10 min.
After extensive washes in PBS, coverslips were incubated with isotype-specific
secondary Abs in blocking solution for 10 min, followed by repeated washes in
PBS. Coverslips were mounted in glycerol containing paraphenylene diamine
to inhibit photobleaching. Nuclei were counterstained with Hoechst dye. The
images were obtained using a Nikon Eclipse E800 fluorescence microscope
equipped with a Nikon DXM camera and Metavue software. Cells infected with
BrdU-labeled virus were treated with HCI as described previously (28) to reveal
incorporated BrdU residues. All percentages given for T98G and CCF cells are
the averages obtained from at least two trials (unless otherwise noted). At least
100 cells/coverslip were scored for each time point in each experiment.

Release of infectious virions. The shedding of infectious virions from T98G
cells was investigated by two methods. First, we used a standard plaque-forming
assay. Supernatant samples were collected from cell cultures and stored at —80°C
after the addition of 1% dimethyl sulfoxide. Supernatant samples were serially
diluted twofold (1:2) prior to the infection of a monolayer of HFFs to allow the
observation of plaques. Second, we used a focus-forming assay. Cell samples (10°
cells) from PO through P8 were harvested and serially diluted 10-fold (1:10).
Immediately following dilution, cells were inoculated onto a monolayer of HFFs.
Cells were overlaid with agar, and resulting foci were counted after 7 days. The
results from supernatant samples were expressed as PFU per milliliter, and the
results from cell samples were expressed as percentages of focus-forming cells
(focus-forming units per 100 cells). The assays were performed three times, and
the averages of the results + one standard deviation are presented.

Abs. Primary Abs used included anti-pp65 (immunoglobulin G1 [IgG1]), anti-
IE1 and -IE2 (ch16.0; IgG1), and anti-UL44 (IgG1) mouse monoclonal Abs
(Rumbaugh-Goodwin Institute for Cancer Research, Inc.); anti-IE1 (IgG2a),
anti-pp28 (IgG1), and anti-major capsid protein (anti-MCP; IgG2a) mouse
monoclonal Abs (kind gifts from Bill Britt, University of Alabama, Birmingham);
anti-actin (clone ACT05) mouse monoclonal Ab (Neomarkers); and anti-BrdU
rat monoclonal Ab (Harlan Sera-Lab). Secondary Abs used were as follows: for
immunoblot detection, horseradish peroxidase-linked sheep anti-mouse second-
ary Ab (Amersham Bioscience), and for IF analysis, tetramethyl rhodamine
isothiocyanate-conjugated anti-rat, anti-mouse IgG1 and IgG2a (Jackson Immu-
noResearch Laboratories) and Alexa Fluor 488-conjugated goat anti-mouse
IgG1 and IgG2a (Molecular Probes).

RESULTS

Variable timing of viral gene expression in different cell
lines. In order to investigate the levels and timing of viral gene
expression in the four cell lines (CCF, SYS5Y, T98G, and
A172), cells synchronized in G, were plated onto 100-mm
dishes (5 X 10’ cells/dish), infected at an MOI of 10, and then
harvested at 24, 48, 72, and 96 hpi (Fig. 2). To determine the
relative levels of viral gene expression in the different cell
types, 48- and 72-hpi lysates from 2 X 10° cells were electro-
phoresed, transferred onto Protran nitrocellulose filters, and
probed for the viral Ags UL44 and pp65 (Fig. 2A). As can be
clearly observed for both of these Ags, the levels of viral gene
expression in fully permissive (CCF), semipermissive (T98G),
and nonpermissive (A172) cells varied dramatically.

Based on the results from Fig. 2A, we determined optimized
primary Ab concentrations for each cell type and thereafter
ran two gels in parallel, one with the fully permissive cell
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samples and the other with semi- and nonpermissive cell sam-
ples (Fig. 2B) (see the legend to Fig. 2 for Ab concentrations).
When comparing the panels in Fig. 2B, it is therefore impor-
tant to remember that three times more primary Ab was used
to detect the IE1 and IE2, UL44, and pp65 proteins in T98G
and A172 cells than to detect these proteins in CCF and SYSY
cells. However, the separate gels were always probed using
identical secondary Ab concentrations, and exposure times for
detecting the same Ag were also identical. Viral gene products
representative of the three temporal classes, IE (IE1 and IE2
proteins), E (UL44 and pp65 proteins), and L (MCP and pp28
proteins) were examined.

IE1 and IE2 expression in CCF and SYS5Y cells was some-
what higher than that in T98G cells and dramatically higher
than that in A172 cells. In addition, while IE2 was expressed in
CCF, SY5Y, and T98G cells between 24 and 96 hpi, expression
levels in the CCF and SYSY cells increased but those in the
T98G cells remained constant over the same time course. No
IE2 expression in the A172 cells was observed.

ULA44, the processivity factor for the viral polymerase, is
expressed at E times after infection. Levels of UL44 expression
in CCF and SYSY cells were similar, with very slight expression
at 24 hpi and clear expression by 48 hpi, and expression levels
continued to increase as the infection progressed. In T98G
cells small amounts of UL44 were also, visible by 24 hpi, with
only slight increases in levels observed after 48 hpi. Total
protein levels in T98G cells were not as high as those in CCF
and SYSY cells (as also apparent in the direct comparison in
Fig. 2A). UL44 was not detectable in A172 cells until 96 hpi,
when a faint band was observed.

pp65 (ULS83), the major tegument protein, has an E-L ex-
pression pattern. Its levels of expression in CCF and SYS5Y
cells were similar, and bands corresponding to this protein
remained visible throughout the time course. By 96 hpi, there
were increases in protein levels, and multiple isoforms ap-
peared. There was little if any increase in the expression level
and no appearance of cleavage products in T98G cells during
the 96-hpi time course. In A172 cells, pp65 levels fell over the
course of infection, likely indicating the presence of only input
virus at the earlier times pi and no de novo synthesis of pp65
in these cells.

MCP (ULS86) and tegument protein pp28 (UL99) are im-
portant structural proteins and display L expression kinetics.
Note that these two proteins were detected with the same
concentration of primary Ab on all blots, allowing direct com-
parison. MCP and pp28 expression in CCF cells was visible
earlier than in SYSY cells, and expression levels in CCF cells
increased significantly at 96 hpi. In SYSY cells, the expression
of both proteins was observed primarily at 96 hpi. There was no
detectable MCP in either T98G or A172 cells through 96 hpi
(Fig. 2B), indicating either very low-level expression of these
proteins or delays in expression beyond 96 hpi. This result
raised the question of whether there were any L proteins syn-
thesized in these cell types.

As it seemed clear from our experiments that the A172 cells
were nonpermissive, we concentrated further on the T98G
cells. In order to answer the above question, infected cultures
were maintained for 216 h (9 days) without passaging. Cells
were harvested every 24 h, and cell lysates were prepared for
viral protein level determination by Western blotting (Fig. 2C).
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FIG. 2. Various levels and timing of viral gene expression in four different cell lines. Serum-starved CCF (permissive), SYSY (permissive),
T98G (semipermissive), and A172 (nonpermissive) cells were infected with HCMV Towne at an MOI of 10 and harvested at the indicated times
pi. Equal amounts of cell lysates (from 2 X 10° cells) were used for all lanes in all blots. Abs used are described in Materials and Methods.
(A) Comparative levels of viral gene expression in CCF, T98G, and A172 cells. All cell lysates were loaded onto the same blot for the direct
comparison of expression levels. An actin loading control was included in all three panels to confirm the loading of equal sample amounts. (B) As
protein levels differed dramatically among cell types, optimized concentrations for each primary Ab were determined. Lysates from permissive cells
(CCF and SYS5Y) were loaded onto one blot, and lysates from semi- and nonpermissive cells (T98G and A172) were loaded onto another. To
evaluate IE1 and IE2, UL44, and pp65 in CCF and SYSY cells, primary Abs were diluted 1:6,000. For the parallel T98G and A172 blots, Abs were
diluted 1:2,000 (a threefold difference in Ab concentrations). MCP and pp28 primary Abs were diluted 1:2 for all blots (no differences among cell
types). Secondary Ab was used at the same dilution of 1:3,000 for all blots. Blots probed for the same viral protein were exposed using
enhanced-chemiluminescence reagents at the same sensitivity levels for identical time periods. (C) Prolonged time course for T98G cells. The
infection of T98G cells was extended through 216 h (without passaging), and cells were harvested at the indicated times pi. Primary and secondary
Ab concentrations were identical to those given for panel B; however, enhanced-chemiluminescence development times varied slightly, and
therefore, slight variations in the results for a given cell type and a particular Ag as presented in the different panels of Fig. 2 may be observed.
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FIG. 3. The majority of T98G cells showed viral genome deposition into the nucleus by 6 hpi if the cells were subjected to extended incubation
with the virus inoculum. (A) Graphic representation of the distribution of BrdU-labeled genomes within the nuclei (black bars) and cytoplasm (red
bars) of infected cells at 6 hpi under different infection conditions (see Materials and Methods for details). Percentages are averages from two
experiments. (B) T98G and CCF cells were infected at an MOI of 10 with BrdU-labeled virus in order to track input viral genomes. Cells were
subjected to either an extended (6-h) incubation with the virus inoculum (no wash) or only a 1-h incubation before extensive washing to remove
unadsorbed virus (wash). Cells were harvested at 6 hpi and stained with an Ab to BrdU to monitor the localization of input viral genomes. Nuclei
were counterstained with Hoechst. In all panels, the scale bar represents 5 pm.

Similar to the expression patterns presented in Fig. 2B, the
expression of both IE and E proteins (IE1 and IE2, UL44, and
pp65) occurred in these cells. Interestingly, no pp65 cleavage
products were observed in the T98G cells over this time frame
of infection. The L proteins, MCP and pp28, did finally become
visible after 120 hpi, and MCP levels increased with infection
time. This result indicated that L protein expression in these
cells was delayed by at least 72 h in comparison to that in
infected permissive CCF cells.

Although viral genomes were delivered to almost all T98G
cells, not all cells displayed de novo viral Ag synthesis. There
are several possible explanations for the reduction in viral Ag
expression displayed in T98G and A172 cells (Fig. 2) compared
to that in permissive cells. First, perhaps all cells did not re-
ceive viral genomes. Second, it is possible that all cells were
expressing viral Ags but some on a delayed time scale and at
reduced levels compared to others. Third, perhaps only a cer-
tain percentage of cells were actually carrying out de novo viral
Ag synthesis after infection.

We had previously observed BrdU-labeled-genome deposi-
tion (28) into the nuclei of T98G cells infected at a high MOI
(18). Luo et al. (18) also found that by 6 hpi, the large majority
of T98G cells showed viral genome deposition within the nu-
cleus. In the present study, we repeated these experiments
under various infection conditions, with interesting results
(Fig. 3). Experiments in which BrdU-labeled virus was allowed
to adsorb to the cells for a full 6 h before the cells were
harvested (as described in reference 18) displayed results sim-
ilar to those of our earlier study; virtually all cells were positive
for viral genomes, and ~70% displayed the clear localization
of numerous viral genomes within the nucleus at 6 hpi (Fig. 3,
no wash). Nearly 100% of permissive CCF cells showed the
entry and transit of labeled genomes into the nucleus under
these conditions (Fig. 3, no wash). Interestingly, if the virus
inoculum was removed and the cells were vigorously washed
after a 1-h incubation (as described in reference 28), very
different results were obtained. Although 95% of permissive
CCEF cells still showed the entry of viral genomes and 89%
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showed the transit of these genomes into the nucleus at 6 hpi
under these wash conditions (Fig. 3, wash), far fewer T98G
cells (~50%) were positive for BrdU-labeled genomes at 6 hpi
(Fig. 3A). Also, for both cell types, far fewer genomes per cell
were present in washed cells than in their unwashed counter-
parts (Fig. 3B, compare wash to no wash). Only 34% of the
washed T98G cells showed clear BrdU labeling in the nucleus
at 6 hpi, and the remainder of the BrdU™ cells showed ge-
nomes only in the cytoplasm (Fig. 3A). This result indicated a
delay in the entry and transit of the virus into the nucleus in
T98G cells compared to viral entry and transit in permissive
CCEF cells under conditions of a short 1-h incubation. Due to
these findings, all subsequent experiments performed in this
study utilized the extended incubation with the virus inoculum
(including those for which results are shown in Fig. 2). Inter-
estingly, even under conditions of extended virus incubation,
only ~35% of A172 cells had genomes in the nucleus at 6 hpi
(data not shown). Since such a block may have greatly skewed
any further interpretations, we decided to confine our further
investigations to T98G cells.

To investigate the second and third possible reasons for
changes in expression levels, we performed IF experiments
over the first 72 hpi, first looking for strong expression of one
of the IE proteins, IE1. Virtually all infected permissive CCF
cells (94.5%) displayed strong IE1 staining in the nucleus by 24
hpi and remained strongly positive throughout the course of
infection. We then assessed the percentage of IE1™ cells in the
T98G cell population over the first 72 hpi. The level of BrdU-
labeled-genome deposition within the nucleus by 6 hpi (at
which point ~70% of the cells were genome positive) had led
us to expect a high percentage of IE1 positivity by 24 hpi. This
was not the case, and the level of IE1™ cells never rose above
35% in the first 72 hpi (averages of 34.9, 32.5, and 32.4% at 24,
48, and 72 hpi, respectively).

Next, we assessed the presence of the E protein UL44. As
the processivity factor for the viral polymerase, UL44 localizes
to the viral replication foci within an infected cell nucleus.
Although not the first protein to localize to these foci (11),
UL44 is a good marker for visualizing them by IF and was
therefore used in these studies. Surprisingly, we found an even
lower percentage of cells that displayed viral replication foci
(as measured by using UL44™ foci) than the percentage that
expressed IE1. The average proportion of focus-positive cells
within the total population did not rise above 11% for the first
72 hpi (averages of 3.4, 10.5, and 10.7% at 24, 48, and 72 hpi,
respectively). Clearly, not all cells were capable of de novo viral
Ag synthesis after infection.

Various patterns of viral replication center development in
different cell types. To explore this lack of de novo viral Ag
synthesis more fully, we compared the development of UL44
foci in T98G cells and that in fully permissive CCF cells. In
CCF cells, multiple small foci were clearly visible by 24 hpi
(Fig. 4A). By 48 hpi, these had begun to progress toward the
formation of two larger foci (hereafter referred to as bipolar
foci) located at opposite poles of the nucleus. Finally, by 72
hpi, the most advanced stage, one very large focus covering the
majority of an infected cell’s nucleus could be observed in
these cells. The distribution of focus-positive CCF and T98G
cells into these three categories (those with multiple small foci,
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bipolar foci, and a single large focus) over the first 120 hpi can
be viewed in Fig. 4B.

As indicated above, we saw very few T98G cells with UL44
foci at either 24 or 48 hpi, and similar to CCF cells at 24 hpi,
these cells exhibited only small multiple foci (Fig. 4B). A rep-
resentative image taken at 48 hpi is shown in Fig. 4C (top
panels). At 72 hpi, the large majority of T98G focus-positive
cells (~80%) still had multiple small foci; however, we did
observe bipolar foci in the remainder of the focus-positive cells
at this time point (Fig. 4B). This finding was essentially the
opposite of the result for the CCF cells, among which the
majority of focus-positive cells (~70%) exhibited advanced-
stage foci (either bipolar or single large foci) by 72 hpi.

We wanted to monitor T98G cells for a longer period of time
to determine if they would develop full replication centers.
However, an obstacle that arose during our extended time
course (represented in Fig. 2C) had to be addressed. Although
essentially all cells contained viral genomes at 6 hpi, many cells
did not carry out de novo viral Ag synthesis and, therefore, did
not demonstrate arrested cell division as did the permissive cell
types (i.e., HFFs and CCF and SY5Y cells) (13). Cellular
replication and division continued within the infected T98G
cultures, which led to overcrowding on the plates. This situa-
tion was not a major obstacle to Western blot analysis, but it
seriously impaired the acquisition of accurate information and
quality images for IF analysis. To avoid overcrowding, we de-
vised a passaging system in which every 3 days we trypsinized,
counted, and reseeded the cultures onto new plates at the same
number of cells per plate (5 X 10°) as originally plated at time
zero (see Materials and Methods for further description). We
found a roughly fourfold increase in the number of cells per
plate (to 2 X 10°) at each 3-day interval. The original 72-h time
course was termed P0. After the first passage, we seeded new
coverslips and plates (P1) and again split and reseeded the
cultures after an additional 3 days to obtain P2. This passaging
protocol was continued up through day 3 of P8 (27 dpi). It
should be noted that the control CCF cells were not passaged
in this way as they did not continue to divide after infection.

This protocol allowed us to monitor the infection in the T98G
cells over a longer period. We found that by day 1 of P1 (equiv-
alent to 96 hpi), large single UL44™" foci were present (Fig. 4B).
However, allowing the cells to progress for another day (to day 2
of P1, equivalent to 120 hpi) did not substantially increase the
proportion of focus-positive cells or affect their phenotypic distri-
bution. At day 2 of P1, the large majority of T98G focus-positive
cells (~70%) still showed multiple small foci. As mentioned ear-
lier, this result was in marked contrast to that for the CCF cells.
Figure 4C (middle and bottom panels) shows examples of bipolar
and large foci in T98G cells taken during P1.

Our data indicated that in a portion of the T98G population,
viral replication centers did fully develop, but full development
in HCMV-infected T98G cells was delayed by approximately
24 h compared to that in CCF cells. It should be noted here
that even at day 3 of P8 (equivalent to 27 dpi), T98G cells still
displayed a mix of phenotypes of UL44 foci, with many cells
displaying the less-advanced, multiple-focus phenotype even at
the latest times pi.

Transport of input pp65 was delayed in T98G cells, and
trafficking of virion-associated protein to the cytoplasm oc-
curred in only a small percentage of cells. Having observed a
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FIG. 4. The development of full viral replication centers in T98G cells was delayed compared to that in CCF cells. Serum-starved T98G and
CCEF cells were seeded onto poly-L-lysine-coated glass coverslips and infected at an MOI of 10. Initially infected T98G cells (P0) were passaged
and subcultured every 72 hpi (P1 through P8) as described in Materials and Methods, with one dish from each subculture containing glass
coverslips for IF analysis. During the first two passages (PO and P1), coverslips were harvested every 24 h (at 1-day intervals). Cells were stained
for UL44, and cell populations were analyzed for the presence of cells containing UL44 foci as described in the text. (A) Permissive CCF cells
showed UL44 foci with the characteristic appearances, from multiple small foci (top panels) to bipolar foci (middle panels) to one large focus
(bottom panels), at the expected times pi (24, 48, and 72 hpi, respectively). (B) Graphic representation of the distributions of UL44 focus-positive
cells containing multiple small foci (black bars), bipolar foci (gray bars), and a single large focus (red bars). (C) T98G cells do show all three types
of foci, but on a protracted time scale. Examples of each type of foci are shown, along with the time point pi at which the image was captured.

Scale bars represent 5 wm. P1 d2, day 2 of P1.

delay in full replication center development in the T98G cells,
we decided to explore possible delays in tegument protein
trafficking as well. The localization of the major tegument
protein, pp65 (ULS83), was analyzed at the corresponding time
points in PO and P1. As a component of the incoming virion
with its own nuclear localization signal, input pp65 transits into
the nucleus independently of the genome. In fully permissive
cells, this transit occurs quickly, and generally by 2 to 3 hpi (but
certainly by 12 hpi), all nuclei are pp65™". For this reason, we
have often used this protein as an indicator of virus entry into
the infected permissive cell (5, 11, 29). As Fig. SA (top left

panels) shows, the pattern of pp65 localization in CCF cells
(which were 98% pp65™) was exclusively nuclear at 24 hpi.
A very different pattern of input-pp65 localization in T98G
cells was observed. Again, judging from the BrdU-labeled-
genome localization that we observed by 6 hpi, we expected the
majority of cells to demonstrate the clear localization of input
pp65 into the nucleus by 24 hpi. This was not the case. Instead,
as shown in Fig. S5A (top right panels), although virtually all
cells (99%) were positive for pp65 by 24 hpi, only one-third
(33.3%) exhibited clear nuclear staining, with the rest display-
ing a mixture of punctate nuclear and cytoplasmic staining or
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FIG. 5. The transport of input pp65 in T98G cells was delayed, and the trafficking of virion-associated protein to the cytoplasm occurred in only
a small percentage of cells. Cells were seeded and infected as described previously. Passaging was as described in Materials and Methods. (A) Left
panels show the patterns of pp65 staining in permissive CCF cells at 24 and 72 hpi. The characteristic trafficking of pp65 to the juxtanuclear space
as associated with maturing virions is depicted in the bottom left panels (and observed in 18% of cells). Right panels show the pp65 staining
patterns of semipermissive T98G cells at the same time points. The top panels show the delay in the transport of input pp65 to the nucleus (see
the text for more details). At 72 hpi, very few cells (<4%) showed trafficking of pp65 protein into the juxtanuclear space. (B) During P1, evidence
of proper trafficking of pp65™* particles could be observed in a small percentage (<4%) of T98G cells. P1 d2, day 2 of P1; P1 d3, day 3 of P1. (C) In
a small percentage of T98G cells (<6%), proper localization of the tegument protein pp28 could also be observed. An example from day 3 of P1
is shown. Observation during the first four passages revealed the presence of pp28™* cells. Nuclei were counterstained with Hoechst in panels B

and C. Scale bars represent 5 pm.

a predominantly punctate cytoplasmic pattern. Since pp65 pos-
sesses its own nuclear localization signal, this result may rep-
resent a transport defect for this Ag within T98G cells.

pp65 is also synthesized de novo and incorporated into ma-
turing virions; these virions transit from the nucleus and
through the cytoplasm via the Golgi apparatus and are re-

leased at the plasma membrane. Distinct movement into the
juxtanuclear space (or viral assembly complex) (4, 5) is ob-
served for pp65 and several other tegument proteins during the
course of infection of a permissive cell. A proportion (18%) of
the total population of permissive CCF cells showed this dis-
tinct cytoplasmic localization by 72 hpi, and by 96 and 120 hpi,
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much larger fractions of cells (57 and 76%, respectively)
showed this pattern (the lower left panels in Fig. 5A provide an
example). Localization in T98G cells never progressed to the
point at which most cells showed cytoplasmic pp65 localization.
Instead, at 72 hpi, only a very small percentage (3.5%) of T98G
cells displayed cytoplasmic localization similar to that in CCF
cells, with the very large majority of cells still showing nuclear
staining only (lower right panels in Fig. 5A).

IF results from UL44 staining in T98G cells revealed that
although full UL44 focus formation was slower in these cells
than in permissive cells, the viral replication centers did fully
develop. This finding indicated the potential for infectious
virus particles to be made and released. To investigate this
potential, we assessed the distribution and relocalization of
pp65 via IF analysis at later times pi after passaging. As shown
in Fig. 5B, as time progressed, further relocalization of pp65
was observed, both into the juxtanuclear space (4, 5) and into
the dendrites of infected cells. However, the percentage of
cells within the total population with this pattern of pp65
cytoplasmic staining never increased above 4% throughout the
passaging scheme (3.45, 2.7, 2.5, 0.45, and 0% as measured for
PO through P4, respectively). We also checked for the proper
localization of another structural protein (pp28) into the jux-
tanuclear space outside the nucleus. As our Western analysis
had indicated no synthesis of this protein until approximately
120 hpi, we examined P1 cells and observed a small percentage
(<6%; see below) with the proper localization of this protein
beginning at day 3 of P1 (Fig. 4C).

The trafficking of pp65™ particles toward the cell surface, as
well as the production and proper localization of pp28, indi-
cated the potential for virus release from these Ag-positive
cells. We therefore performed focus-forming assays for virus-
producing cells at day 3 of each passage (Fig. 6A) as described
in Materials and Methods. Infected T98G cells were harvested
at day 3 of the passages indicated in Fig. 6, diluted serially 1:10,
and inoculated directly onto HFF monolayers without freez-
ing. In the first 6 dpi (PO and P1), roughly 20% of the cells were
determined to be actively shedding virus (i.e., there were 20
focus-forming units/100 cells) (Fig. 6A). By 9 dpi (day 3 of P2),
this percentage dropped to approximately 5% and remained
between 2 and 5% through 15 dpi (day 3 of P4). A very small

number of cells (<1%) continued to shed virus at detectable
levels until 21 dpi (day 3 of P6). By 24 dpi (day 3 of P7), no
virus-shedding cells could be detected using these methods.

Although the number of virus-shedding cells was relatively
low, these cells, in theory, could still shed substantial amounts
of virus. To assess this potential, we assayed the viability of the
virus released into the supernatant overlaying the infected
cultures. Supernatant samples were collected at 3 dpi and at 3
days postreseeding for all subsequent passages. The presence
and quantity of virus in the supernatant were determined by
plaque-forming assays performed by using 1:2 serial dilutions.
Our data indicated that the level of infectious virions released
into the supernatant by T98G cells (Fig. 6B) was very low
(<1,000 PFU/ml). Small amounts of virus were shed for sev-
eral passages (through day 3 of P5), but the amount of virus
shedding was below our level of detection by day 3 of P6.

HCMY infection does not arrest T98G cells. In a normal
infection in permissive cells, cells actively expressing virus no
longer divide and eventually die. However, in our T98G pop-
ulations, cells continued to divide, as demonstrated by re-
peated cell crowding at 3-day intervals. Cells were seeded at
5 X 10°/plate, and after 3 days, the cell number had increased
to ~2 X 10%plate (a fourfold increase). Although BrdU-la-
beled viral particles were visible within most nuclei by 6 hpi
under conditions of extended incubation, by 20 hpi all nuclei
were entirely stained with unincorporated BrdU from the su-
pernatant (data not shown). This result indicated that cellular
DNA synthesis was ongoing, even in the presence of the viral
genome.

Were these cells producing such small amounts of virus that
they were able to survive while actively shedding? We knew
that the quantity of virus shed by the T98G cells was very small,
and thus, there were two possible explanations for the contin-
ued presence of Ag-positive cells. First, Ag-positive cells did
not die but also did not divide. In this case, the proportion of
Ag-positive cells would decline by roughly a factor of 4 at each
passage, from 32% (P0) to 8% (P1) . ..to0 0.03% (P5) to 0.01%
(P6), etc. This drop did not occur. Figure 7 shows results for
IE1™ cells and cells with UL44 focus-positive cells. In addition,
although the measurement was performed only once, we did
not observe a decline in pp28 cytoplasmic staining (5.8, 5, 2.5,
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FIG. 7. Expression of viral Ags continued throughout 27 dpi. Cells
were passaged as described in Materials and Methods. Coverslips were
harvested for analysis at 3-day intervals, beginning at 72 hpi (day 3 of
P0). Error bars represent standard deviations based on results from at
least two experiments. Coverslips were stained and scored for the
presence of IE1 and UL44" foci.

and 2.7% as assayed at day 3 of P1, P2, P3, and P4, respec-
tively) that would fit this scenario either. Therefore, since per-
centages of Ag-positive cells did not decline at the fourfold
rate, other factors must have contributed to the long-term
expression of Ags.

Qualitative analysis of these Ag-positive cells during passag-
ing displayed a varied spectrum of sizes of UL44" foci
(through P8) and variation in the intensities of pp65 within the
nuclei of cells (particularly through P3). These findings indi-
cated that there was a small increase in Ag-positive cells due to
new or reinfection from shed virus. However, due to the very
low levels of shed virus, it seemed unlikely that this newly
synthesized virus alone could account for the slower-than-ex-
pected decline in percentages of Ag-positive cells. A measure-
ment of multiple-micronucleus formation (and of associated
apoptosis via a tunnel assay) showed that only a very small
fraction of the entire population was dying at any given time
(1.7, 1.7, 0.4, 0.9, and 0.9% at day 3 of PO, P1, P2, P3, and P4,
respectively [measurements were performed only once]). This
finding established that the gradual decline in the number of
Ag-positive cells was not due to their death.

Were the viral-Ag-positive cells dividing? To accurately as-
sess this possibility, we examined the Ag-positive population
for dividing cells via a colchicine block (used to arrest cells for
metaphase analysis) (10). It became clear that Ag-positive cells
were indeed dividing (at a rate quantitated once using TE1"
cells as 19.5, 14, 12, and 16%, respectively, for the first four
passages), as can be seen in Fig. 8A (showing examples of cells
positive for IE1, UL44-containing foci, and pp65 at various
times during infection). Although the actual cytokinetic event
was difficult to capture, we were able to visualize it in some
cases (Fig. 8B). Importantly, when we pulse-labeled cells with
BrdU just prior to metaphase arrest (to label actively replicat-
ing viral DNA within the replication centers), we observed
equal distributions of viral genomes between the two daughter
cells as well (pictured in Fig. 8B, top panels). Therefore, we
concluded that the prolonged presence of viral-Ag-positive
cells within the T98G population was due to low levels of virus
shedding (establishing either newly infected, reinfected, or ac-
tivated cells), the persistence of Ag-positive cells, and their
continued division from the earliest stages of infection.

HCMV IN T98G CELLS: MODEL OF LONG-TERM VIRAL INFECTION
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DISCUSSION

T98G cells are undifferentiated glioblastoma cells that have
previously been defined as being semipermissive for HCMV
infection (14, 26). This study confirms and extends this assess-
ment. Previously, only the expression of the IE and E proteins
had been observed in these cells. Earlier work with T98G cells
from our laboratory showed that the HCMV genome was de-
posited into the nuclei of the large majority of these cells
(~85%) by 6 hpi (18) and that ~30% of these cells expressed
IE proteins within the first 72 hpi (Fig. 3 and 7). Figure 2
clearly demonstrates that the levels of expression of two of the
more abundant viral proteins, UL44 and pp65, in fully permis-
sive (CCF), semipermissive (T98G), and nonpermissive
(A172) cells varied significantly. These dramatic differences in
expression levels made it difficult to visualize or measure the
relative protein levels in all different cell types simultaneously;
therefore, we developed optimized Ab incubation conditions
for each cell type for Western analysis. This may, in part,
explain why previous studies did not detect L protein expres-
sion in T98G cells. We found that in infected T98G cell cul-
tures allowed to progress beyond the usual permissive cell time
course (216 h without passaging), the L proteins (MCP and
pp28) appeared at very low levels by 120 hpi (Fig. 2C), as also
confirmed by the IF analysis using the passaging protocol. This
delay in expression may explain why Jault et al. (13) did not
detect L protein expression in T98G cells.

Full development of replication centers into large UL44-
positive foci and the initial localization of input pp65 to the
nucleus appeared to be delayed in T98G cells (Fig. 4 and 5).
Although multiple small foci were observed by 24 hpi, bipolar
foci were not seen until 72 hpi (~24 h later than those in
infected permissive CCF cells), with large single foci appearing
after an additional 24 h (at day 1 of P1). Two particular details
need to be pointed out: the percentage of cells containing
UL44™" foci in the first 72 hpi was very small (11% or less of
the total population), and even at later times during the
course of infection, the focus-positive cell population always
included a mix of cells with multiple small and advanced-
stage foci.

The proportion of focus-positive cells among the total pop-
ulation was very low (~10%) during PO but increased to ~20%
during P1. Thereafter, the level of UL44 focus-positive cells
(detectable by IF analysis) paralleled the percentage of IE™
cells (Fig. 7). It is interesting to speculate that there was a delay
in E gene expression in cells that were IE™, causing a further
delay in the development of replication centers. These delays
were very similar to what we previously observed in p53~/~
cells (5). Interestingly, the T98G cells possess a mutation in
p53 (which affects its DNA binding domain, essentially render-
ing it nonfunctional [12, 19, 34]), which may have contributed
to the delay in kinetics we observed in these cells.

pp65 localization in T98G cells was also different from that
in the other cell types. First, the initial transit of input pp65
into the nucleus was delayed in the large majority of cells,
despite the deposition of the viral genome into ~70% of the
unwashed cells by 6 hpi. Under these conditions, only ~30% of
the total population of cells showed clear pp65 nuclear staining
at 24 hpi. Was this the same 30% of cells that went on to
express IE proteins during PO? This group may be linked to the
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FIG. 8. T98G cells that were positive for viral Ag continued to divide. (A) In order to investigate the possibility of Ag-positive-cell division, cells
were arrested in metaphase by using a colchicine block. Cells were then stained for the indicated Ags. IE1" cells were analyzed through P4, and
an average of 15% of these IE1" cells were found to be dividing during each passage. P2 d2, day 2 of P2. (B) Two examples of dividing cells,
including phase images, are shown to emphasize the cytokinesis between daughter cells. In the top panels, cells were pulse-labeled with BrdU just
prior to treatment with colchicine to visualize actively replicating viral DNA within replication centers. Equal division of viral genomes can be seen.

P1 dl, day 1 of P1. Scale bars represent 5 pm.

initial entry and transit of the genome into the cellular nucleus.
In experiments with BrdU-labeled virus, when cells were
washed after 1 h of incubation with virus, only ~30% of cells
contained BrdU-labeled virions within their nuclei at 6 hpi.
Also, under these wash conditions, the number of labeled
virions per cell was significantly lower. If there was a block of
initial binding and entry into the cell, perhaps only in those
cells in which the virus very quickly penetrated the plasma

membrane and transited into the nucleus did the infection
proceed to the point of gene expression. After initial infection
and entry, if rapid transit did not occur, perhaps the cell was
able to mount an antiviral response not allowing gene expres-
sion. Future experiments will be aimed at addressing these
questions.

Plaque- and focus-forming assays determined that infectious
virus was produced at very low levels in the HCMV-infected
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TI98G cells and lasted through several passages (Fig. 6). Even
though Jault et al. stated that viral gene expression was blocked
at the E stage (13), they did report low levels of virus release,
similar to the levels we observed. Poland et al. reported no
release of infectious virus from T98G cells (26). These ob-
served differences may stem from several sources, including
differences in the MOI, the number of cells originally seeded,
the culture medium volume, or the time pi of sample collection
for titer determination. Additionally, the duration of these
authors’ studies was too brief to observe the L protein synthesis
seen in our experiments, which did not occur before 120 hpi.
Titers varied by passage, with a high of 793 PFU/ml at day 3 of
P1. Titers dropped over the next several passages until they
were undetectable after P5 (Fig. 6). Correspondingly, the per-
centage of virus-shedding cells in the total population, as mea-
sured by focus-forming assays, was approximately 20% in PO
and P1 but decreased thereafter until no virus-shedding cells
were detectable after P6. As we continued to observe Ag-
positive cells through day 3 of PS8, it is possible that virus levels
below our limits of detection were present even beyond our
observational period of 27 dpi. Notwithstanding this conjec-
ture, detectable low-level virus shedding lasted 18 to 21 days,
which is markedly longer than previously reported for infec-
tions of permissive cells.

HCMYV infection of primary fibroblasts and CCF cells
caused the arrest of the cells, and eventually these cells died via
necrosis. These cells could not be passaged generationally.
HCMYV infection of T98G cells did not cause arrest, and cell
division continued even after viral protein expression began
(Fig. 8). The ability of HCMV to persist within dividing T98G
cells may promote the sustained shedding of virus.

Of particular interest in the long-term infections of T98G
cells was that no single phenotype for UL44 focus size was ever
observed, even (or maybe especially) at later passages. Our
data indicate that several events may have happened concur-
rently in our cultures. (i) During most passages, low-level virus
release occurred. Therefore, it was possible that Ag-negative
cells were infected, reinfected, or activated and thus converted
into Ag-positive cells. (ii) Ag-positive cells were dividing (an
observation we believe is novel), with both daughter cells ex-
pressing viral proteins. (iii) Cells that were initially infected (as
judged by the IF-visualized localization of input pp65 and viral
genomes within their nuclei), but not IE*, later began de novo
viral protein synthesis. A combination of these factors likely
contributed to the relatively long-term infection we observed in
our experiments.

Our study is not the first report of relatively long-term in-
fections of brain-derived cell types. There have been three
previous reports of the establishment of persistent HCMV
infections in brain cells (7, 8, 23). Ogura and colleagues estab-
lished a persistent HCMV infection in cells of the permissive
118MGC (glioma) cell line. They infected at an MOI of 10, but
unlike in our experiments, within 6 days 95% of the cells were
dead and only a very small subset of cells survived. These cells
were continuously passaged for over a year, with low levels of
virus shed from <15% of cells. It was shown that a mutation in
the viral genome was responsible for the slow growth kinetics
of the virus that enabled this persistent infection to proceed.

In 1996 and again in 1998, Cinatl and colleagues established
persistent HCMYV infections in cells of the neuroblastoma cell
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lines UKF-NB2 and NB4. Low levels of virus were shed from
<20% of the cells for over 2 years. It is not clear from the
descriptions in the two papers whether, as in the case of the
Ogura study, a very small subpopulation of initially infected
cells survived cell lysis. However, judging from the report that
cultures were grown for 22 days before initial subculturing
began, this is a reasonable assumption. Our cultures were
inherently different in this respect from the cultures in these
studies. From the outset, T98G cells displayed a level of infec-
tion characteristic of semipermissive cells, in which all cells in
the population receive viral genomes but individually ex-
pressed viral Ags at very different rates.

We realize that IF analysis is not the most sensitive assay and
that we may be missing a small percentage of Ag-positive cells
within the population by using this form of analysis. However,
it is clear from our studies that the number of detectable
Ag-positive cells did decline over the time course. We specu-
late that these cultures could express viral Ags for a longer
period and at higher percentages if they did not require con-
tinuous subculturing. Virion-producing cells would continu-
ously shed into localized pockets, increasing the likelihood of
neighboring cells’ becoming infected, reinfected, or activated
and producing regions of Ag-positive cells. In our passaging
protocol, Ag-positive cells were dispersed every 3 days, inhib-
iting their opportunity to create islands of Ag-positive cells.
Initial experiments addressing this possibility (starting with a
smaller number of cells), although preliminary, do indicate the
development of large clusters of Ag-positive cells that appear
to maintain a higher percentage of Ag positivity than the pas-
saged cells over the same time frame (data not shown).

In vivo, latent or persistent CMV infection is found princi-
pally in white blood cells, the genital tract, salivary glands, etc.
(as reviewed in reference 27). Latently or persistently CMV-
infected cells may serve as a reservoir for infecting neighboring
tissues or organs. In the isolated compartment of the brain,
where most cell types are susceptible to CMV (at least to some
degree), such a virus reservoir may be very harmful, especially
during fetal development. As previously described for the
mouse model of congenital infection, perhaps reservoirs for
the virus that remain Ag positive exist, shedding very low levels
of virus and thus going undetected and undisturbed by the
immune system (15).

We feel that T98G cells may provide a new model system to
study latent viral infection within the brain. This system has the
characteristics of long-term, low-level gene expression and vi-
ral shedding important for such a system. We observed Ag-
positive cells through 27 dpi (day 3 of P8) by using IF analysis
as our assay system; however, low-level expression that was
below our limit of detection may persist for longer periods.
Future studies will utilize in situ hybridization to look for latent
viral genomes within the late-passage populations. In addition,
we will try to reactivate viral gene expression using various
techniques. Ultilizing a virus that expresses an IE2-green fluo-
rescent protein fusion, we also plan to sort IE* from IE™ cell
populations at early times pi. In this way, we will be better able
to monitor the distinct populations and assess the potential for
reactivation in the initially IE™ but genome-positive cells. We
will also be able to assess the rates of cell division in both
populations and monitor the IE* population in real time.

In summary, our findings demonstrate that the course of
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HCMY infection in T98G cells is delayed compared to that in
fully permissive cells but that all temporal viral protein classes
are expressed. They also show that full viral replication center
development occurs and that infectious virus particles are shed
for several passages (to P6). Perhaps most importantly, our
studies show that viral Ag-positive and virus-shedding cells
continue to divide and that their daughter cells remain Ag
positive.
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