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Gammaherpesvirus Infection of Human Neuronal Cells
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ABSTRACT Gammaherpesviruses human herpesvirus 4 (HHV4) and HHVS are two prominent members of the herpesvirus
family associated with a number of human cancers. HHV4, also known as Epstein-Barr virus (EBV), a ubiquitous gammaherpes-
virus prevalent in 90 to 95% of the human population, is clinically associated with various neurological diseases such as primary
central nervous system lymphoma, multiple sclerosis, Alzheimer’s disease, cerebellar ataxia, and encephalitis. However, the pos-
sibility that EBV and Kaposi’s sarcoma-associated herpesvirus (KSHV) can directly infect neurons has been largely overlooked.
This study has, for the first time, characterized EBV infection in neural cell backgrounds by using the Sh-Sy5y neuroblastoma
cell line, teratocarcinoma Ntera2 neurons, and primary human fetal neurons. Furthermore, we also demonstrated KSHV infec-
tion of neural Sh-Sy5y cells. These neuronal cells were infected with green fluorescent protein-expressing recombinant EBV or
KSHYV. Microscopy, genetic analysis, immunofluorescence, and Western blot analyses for specific viral antigens supported and
validated the infection of these cells by EBV and KSHV and showed that the infection was efficient and productive. Progeny virus

produced from infected neuronal cells efficiently infected fresh neuronal cells, as well as peripheral blood mononuclear cells.
Furthermore, acyclovir was effective at inhibiting the production of virus from neuronal cells similar to lymphoblastoid cell
lines; this suggests active lytic replication in infected neurons in vitro. These studies represent a potentially new in vitro model
of EBV- and KSHV-associated neuronal disease development and pathogenesis.

IMPORTANCE

To date, no in vitro study has demonstrated gammaherpesvirus infection of neuronal cells. Moreover, worldwide

clinical findings have linked EBV to neuronal pathologies, including multiple sclerosis, primary central nervous system lym-
phoma, and Alzheimer’s disease. In this study, for the first time, we have successfully demonstrated the in vitro infection of Sh-
Sy5y and Ntera2 cells, as well as human primary neurons. We have also determined that the infection is predominately lytic. Ad-
ditionally, we also report infection of neuronal cells by KSHV in vitro similar to that by EBV. These findings may open new
avenues of consideration related to neuronal pathologies and infection with these viruses. Furthermore, their contribution to
chronic infection linked to neuronal disease will provide new clues to potential new therapies.
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pstein-Barr virus (EBV) is a highly ubiquitous herpesvirus,

asymptomatically infecting 90 to 95% of adults worldwide re-
gardless of demographics or location. Classified as a human gam-
maherpesvirus (human herpesvirus 4), EBV is a large double-
stranded DNA virus known to infect primarily B lymphocytes
(1-4). The virus can also infect other lymphocytes and certain
types of epithelial cells (5-7). EBV is transmitted through the ex-
change of bodily fluids and is most commonly known as the cause
of infectious mononucleosis (8, 9). The virus is also associated
with a number of human cancers, including Burkitt’s lymphoma
and nasopharyngeal carcinoma (10-12). We also examined an-
other member of the Gammaherpesviridae family known as Kapo-
si’s sarcoma (KS)-associated herpesvirus (KSHV) that is associ-
ated with KS, multicentric Castleman’s disease (MCD), and
primary effusion lymphoma (PEL) (13, 14).
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EBV binds to B lymphocytes through the interaction of viral
glycoprotein gp350/220 with the cellular receptor CD21 (15).
Subsequently, fusion of the viral envelope with the cell membrane
occurs, allowing the virus to enter the host (16). In order to infect
epithelial cells, it is believed that the viral protein BMRF-2 inter-
acts with B1 integrins, initiating fusion between the viral envelope
and cellular membrane (17, 18).

After infection of B lymphocytes or epithelial cells, EBV initi-
ates either latent (nonproductive) or lytic (productive) replica-
tion. Latently infected cells maintain EBV genomes as 184-kb epi-
somes and express a limited repertoire of viral gene products (4).
In latent infection, among the most commonly expressed viral
genes are six nuclear antigens (EBNA1, -2, 3A, 3B, -3C, and -LP),
three membrane-associated proteins (LMP-1, -2A, -2B), and two
small noncoding RNAs (EBER1 and EBER2) (10, 19, 20). There
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are four known latency programs associated with EBV in which
the expression patterns of these genes are altered (3). EBNAL,
which binds to the origin of latent replication on the viral genome,
mediates replication of the episome during mitosis of the host cell.
It is expressed in all latency programs and is therefore a beneficial
target to determine infection (21).

Similar to those seen in KS and PEL, KSHV genomes are de-
tectable in almost all HIV-seropositive MCD cases and approxi-
mately 50% of HIV-seronegative MCD cases (22, 23). Interest-
ingly, and different from PEL cells, coinfection of EBV with KSHV
has not been detected in MCD plasmablasts. Generally, three viral
gene products are clearly expressed in all latently infected cells
from a single promoter in a tricistronic transcript, i.e., LANA,
vCYC, and vFLIP (24). However, other viral gene products are
expressed in different lymphoproliferative disorders (24, 25). K8
is a replication-associated protein and is also characterized as a
delayed early lytic antigen, as it is expressed after RTA (open read-
ing frame 50) (26).

In lytic infection, viral genes selectively replicate virion ge-
nomes, which causes release of viral particles from the host cell. In
B cells, lytic replication generally occurs after reactivation from
the latent phase, while in epithelial cells, lytic replication occurs
for a short period initially after infection, eventually returning to
the latent phase (6, 27). The mechanism of reactivation in both B
and epithelial cells is not specifically understood. However, in
vitro, reactivation can be initiated by treating cells with sodium
butyrate and 12-O-tetradecanoylphorbol-13-acetate (TPA) (28).
The viral genes expressed during lytic replication include those for
glycoprotein 320/220, BZLF-1, RTA, and K8, a transcriptional ac-
tivator that facilitates reactivation (29, 30).

In addition to its association with several lymphoproliferative
diseases, EBV is clinically linked to a wide range of neural ail-
ments, such as primary central nervous system (CNS) lymphoma,
multiple sclerosis (MS), Alzheimer’s disease, cerebellar ataxia,
subacute sensory neuropathy, meningoencephalitis, cranial nerve
palsies, and Guillain-Barré syndrome (31-40). The association of
EBV with these diseases is based largely on the fact that cerebro-
spinal fluid (CSF) samples from neurologically compromised pa-
tients contain unusually high EBV titers. As a result, testing of the
CSF of patients evaluated for neurological disease for EBV is be-
coming more common (41, 42).

Among the neural ailments with possible links to EBV, MS, a
chronic inflammatory demyelinating disease of the CNS, has
more recently become a focus of study (43). In 1979, Fraser and
others reported that for patients with clinically active MS, periph-
eral blood lymphocytes have an increased tendency toward spon-
taneous EBV-induced lymphocyte transformation (44). Later, Su-
maya and colleagues reported higher seropositivity and higher
serum anti-EBV titers in MS patients than in controls (45). More
recently, Munger et al. concluded that, “anti-EBNA antibodies are
strong, robust markers of MS risk and could be useful in MS risk
score” (34). They also showed that MS rates tend to rise signifi-
cantly in patients who have been exposed to EBV infection char-
acterized by infectious mononucleosis (34). In addition, individ-
uals who are still EBV seronegative in adulthood are potentially
resistant to both MS and EBV infection (46). Interestingly, MS
patients also have an increased and broad frequency of CD4™" cells
recognizing EBNAL1 (33, 34, 47-50). Further, in 2007, Serafini and
colleagues reported that EBV-positive B cells and plasma cells
were found in the brains of 21 of 22 MS patients, confirming the
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presence of the virus in the brain (51). In terms of disease man-
agement, acyclovir (ACV), an antiviral drug used to treat herpes-
virus, including EBV, infections, has been shown to significantly
inhibit triggering of MS exacerbations, suggesting that an ACV-
susceptible virus might be involved in the pathogenesis of MS (9,
52-54). Although EBV has certainly not been proven to be the
cause of MS, there is some level of correlation. Whether the virus
is causative, contributing, or present in the microenvironment
that provides a perfect niche for survival has yet to be fully inves-
tigated. Additionally, there is no previous study relating KSHV
infection with neuronal cell infection.

It is evident that EBV is associated with neurological compli-
cations and diseases. While some of these associations have been
developed more than others, it is important to note that the re-
search has not thoroughly investigated the possible molecular
mechanisms that would solidify the relationship between the on-
cogenic gammaherpesvirus with CNS-associated diseases. It is
known that EBV can be present in the CNS, in infected B cells or
plasma cells, or in the CSF of neurologically affected patients (55).
Is it therefore possible that the presence of EBV or KSHYV in the
brain and periphery may be a result of direct infection of neuronal
tissue, more specifically, neurons themselves? If so, what are the
characteristics of this infection? Is the infection similar to the la-
tency and transformation programs seen in B cells or epithelial
cells? Or does the virus in neurons undergo a transcription pro-
gram distinct from what is known of EBV or KSHV during infec-
tion in vitro?

This study had two broad aims. First, this work has established
that EBV and KSHYV can infect neuronal cells. Second, this study
has characterized the properties of the infection. If the presence of
EBV and KSHYV in the CNS can be further explored, then this will
enhance our understanding of neurological pathologies and the
associations or potential contributions of viral and other infec-
tious agents in the future.

In this study, we infected the Sh-Sy5y human neuroblastoma
cell line, differentiated teratocarcinoma Ntera2 (NT-2) neurons,
and primary human fetal neurons with recombinant virus con-
taining the gene for green fluorescent protein (GFP) (52). GFP
fluoresces when exposed to light at a wavelength of 542 nm in
human cells and can be monitored via noninvasive methods.
Postinfection of the three neuronal cell types, we monitored cell
density, morphology, and viral gene expression via reverse tran-
scriptase quantitative PCR (RT-qPCR) and Western blot (WB)
analyses. In the Sh-Sy5y cell line and in primary human fetal neu-
rons, we examined viral protein production by immunofluores-
cence methods. After infection was confirmed, we investigated the
characteristics of the infection by analyzing viral gene expression
trends postinfection of fresh Sh-Sy5y cells and peripheral blood
mononuclear cells (PBMCs) by using supernatant from infected
cells. We also examined whether ACV has any effect on the pro-
liferation of Sh-Sy5y cells infected with virus generated from in-
fected Sh-Sy5y cells versus that from lymphoblastoid cell line 1
(LCL1).

RESULTS

Neuronal cell lines can be infected by EBV. To determine if EBV
can infect neural cells, we exposed Sh-Sy5y cells, differentiated
NT-2 neurons, and primary human fetal neurons to a strain of
genetically modified EBV that expresses GFP, GFP-EBV (52).
Sh-Sy5y cells were generated from a bone marrow biopsy spec-
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imen from a 4-year-old girl with neuroblastoma (56). These cells
were established as neuroblastoma and epithelium-like cells (57).
NT-2 was initially isolated from a lung metastasis of a 22-year-old
male with primary embryonal carcinoma of the testis (58). NT-2
cells show properties of early embryo cells and can be used to study
the early stages of human neurogenesis (59). Human primary
neurons were collected from brain tissue obtained from fetuses
aborted early in the second trimester of gestation. These proce-
dures were performed in full compliance with National Institutes
of Health and Temple University ethical guidelines (60).

After 24 h, cells were monitored via fluorescence microscopy
for up to 9 days postinfection (dpi) at specified time intervals.
Cells were collected from all assays, and RNA was extracted for
quantitative determination by RT amplification of viral genes. The
Sh-Sy5y neuroblastoma cell line expressed GFP as early as 1 dpi,
indicating that the cells were successfully infected and that the
viral genome was being transcribed and translated (Fig. 1A to E).
In the first few days of infection, only about 10 to 20% of the cells
expressed GFP. However, the percentage of cells expressing GFP
increased as the infection progressed. About 90 to 95% of the cells
expressed GFP by day 9. Interestingly, as the cells progressed to-
ward 9 dpi, their overall density decreased and cell lysis was ob-
served. Furthermore, after EBV infection, the morphology of in-
fected Sh-Sy5y cells was distinct from that of uninfected cells.
While uninfected cells had a characteristic triangular shape, in-
fected cells had a swollen, rounder shape and displayed longer,
more defined neural processes in the two sets of infections
(Fig. 1A, left and right sides).

Total RNA was collected from the cells and reverse transcribed
to cDNA before a qPCR assay was carried out with the cDNA
generated from infected Sh-Sy5y cells. The genes amplified
were the EBV latent genes for EBNA1 and EBNA3C, the EBV early
Iytic gene for BZLF1, and the major lytic gene for gp350 (Fig. 1B to
E). The gene for glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as an endogenous control. As shown in
Fig. 1B, EBNA1 showed significant expression, which confirmed
the infection and latent gene expression from the viral genome.
The genes for EBNA3C, BZLF1, and gp350 displayed a significant
amount of amplification, which was maximal at 5 dpi with the
gene for EBNA3C and decreased at 7 and 9 dpi (Fig. 1C to E).
EBNAL1 signals continued to increase, and BZLF1 and gp350 sig-
nals increased steadily up to 5 dpi and then plateaued at 7 to 9 dpi
(Fig. 1B to E).

NT-2 cells expressed characteristics similar to those of Sh-Sy5y
cells postinfection with GFP-EBV (Fig. 2). These neurons, prior to
infection, form clusters containing many cells. These clusters are
composed of cell bodies, while the axons protrude from the clus-
ters to join with other nearby cells and clusters. After infection
with GFP-EBV, NT-2 neural cells also expressed GFP by 24 h
postinfection, as determined by green fluorescence. At that point,
95 to 100% of the neural clusters express some level of GFP
(Fig. 2). Initially, in the first few days, the GFP signals were isolated
toward the outside rim of the cell clusters, forming a green fluo-
rescent halo or ring, as shown by microscopy (Fig. 2). This sug-
gests that the cells in the outer layer of these clusters are likely the
first to become infected because they are in direct contact with the
virus. However, as the infection progressed, the green fluorescent
signal gradually migrated toward the core of the clusters, and by 6
dpi, all of the cells in the neural clusters were infected, as deter-
mined by green fluorescence assay. Furthermore, the clusters be-
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came distinctively darker and swollen, indicating that they are
undergoing cell death. Interestingly, at 9 dpi, no living cells re-
mained in the culture, as determined by trypan blue staining and
microscopy. Floating cell debris was mostly observed, with some
expressing GFP.

Similar to Sh-Sy5y cells and NT-2 neurons, primary human
fetal neurons also expressed strong GFP signals after incubation
with GFP-EBV in vitro (Fig. 3). The GFP signals were observed in
70 to 80% of the cells at 48 h postinfection (2 dpi, Fig. 3). As the
infection progressed, the GFP-expressing cells became deformed
with uncharacteristic swelling. This was followed by a decrease in
the percentage of GFP signals from the infected neurons by day 4
postinfection. The GFP signals were clearly seen in the cell bodies,
as well as the axons, and the most intense GFP signals were seen at
the cell body. At 8 dpi, the majority of the cells had lost their
membrane integrity and most of the GFP signal (Fig. 3). This
suggested that infection had occurred in a manner similar to that
seen in the Sh-Sy5y and NT-2 neuronal cell lines.

Characterization of viral gene expression in infected neu-
rons. We selected Sh-Sy5y cells and primary human fetal neurons
for gene expression. Immunofluorescence analyses were carried
out temporally to examine the level of virus-encoded antigens in
the infected cells after EBV infection. In our assays, viral GFP was
examined while 4',6-diamidino-2-phenylindole (DAPI) staining
was used as a nuclear control. Two EBV antigens, latent EBNA1
and lytic gp350, were targeted to validate infection (Fig. 4).

Infected Sh-Sy5y cells at 24 h showed a strong GFP signal with
a punctate EBNA1 signal localized in the nucleus (Fig. 4A). As the
infection progressed, this signal became stronger with an exclusive
nuclear localization. This undoubtedly indicated that EBV infec-
tion was successful. We also monitored late lytic EBV glycoprotein
gp350 (Fig. 4A). Gp350 is a membrane protein (61) and therefore
would localize to the outer cell membrane. This localized expres-
sion was seen predominantly at the cell membrane by 7 and 9 dpi
(Fig. 4A). Therefore, infected cells were producing EBV late anti-
gens.

To further characterize EBV latent and lytic gene expression
during this early period of infection, we performed WB analyses
for the essential latent antigen EBNAI and the immediate-early
transcription activator BZLF1. Our results confirmed that weak
EBNAL1 signals were detected at 24 h and their strength increased
by 48 h (Fig. 4B). Interestingly, BZLF1 signals were seen as early as
48 h postinfection and remained at a consistent level up to 9 dpi
(Fig. 4B). The GAPDH control blot was used as a loading control.

Primary human fetal neurons also expressed the EBNAI and
BZLF1 proteins, as was clearly shown by immunofluorescence
assays from day 2 onward (Fig. 5A and B). The EBNALI protein
signal was localized predominantly in the nucleus, as expected for
this nuclear antigen. To determine if the infected cells were neu-
ronal cells, we used the neuronal marker MAP2 (62). As shown by
our immunofluorescence assay results, MAP2 staining was clearly
observed, demonstrating that these cells were infected neuronal
cells (Fig. 5A and B).

We monitored the expression profile of the viral genes for the
latent proteins EBNAI and EBNA3C, as well as major lytic glyco-
protein gp350 and immediate-early lytic antigen BZLF1. The RT-
qPCR results demonstrated that by 24 h postinfection (1 dpi),
EBNA1 and EBNA3C were clearly detected, with maximal EBNA1
levels at 48 h and a plateau at 72 h postinfection (3 dpi) to 9 dpi
(Fig. 5B). However, EBNA3C and BZLFI levels were slowly re-
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A Wild-Type EBYV Infection of Sh-Sy5y Cells
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FIG1 Wild-type EBV infection of Sh-Sy5y cells. Sh-Sy5y cells were grown on 100-mm culture plates. At 60% confluence, in addition to the culture medium,
110 ul (~6 X 10'2 viral copies) of concentrated EBV was added to each plate with 5 ul of Polybrene at a 20-umol/ml concentration. Control cells were
supplemented with only medium and Polybrene. (A) Fluorescence microscopy was carried out at 1, 3, 5, 7, and 9 dpi to monitor GFP expression. (B to E) Cells
were harvested at 1, 2, 3, 5, 7, and 9 dpi for EBNA1, EBNA3C, BZLF1, and gp350 transcript analysis. Microscopy images were captured at X20 magnification.
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Wild-Type EBYV Infection of Differentiated Human NT2 Neurons
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FIG2 Wild-type EBV infection of differentiated human NT-2 neurons. NT-2
neurons were differentiated in six-well plates at a density of 700 to 900 neural
clusters per well. In addition to 2 ml of complete culture medium per well,
100 ul (~5.5 X 10'2 viral copies) of concentrated virus was added. The me-
dium was changed every 3 days. Fluorescence microscopy was carried out at 1,
3, 6, and 9 dpi to monitor for GFP expression. Microscopy images were cap-
tured at X20 magnification.

duced after day 5. Gp350 showed a gradual increase in expression
of the transcripts, which continued up to 9 dpi (Fig. 5C).

EBV produced from Sh-Sy5y can infect neuronal cells and
PBMCs. To determine if EBV undergoes latent or lytic replication
and produces progeny virus in neuronal cells, we collected the
supernatant from Sh-Sy5y cells infected with GFP-EBV at 2, 5, and
9 dpi. The virus collected was filtered with a 0.45-um filter and
concentrated by ultracentrifugation. The filtered supernatant was
used to infect fresh Sh-Sy5y cells and PBMCs to determine if virus
was produced. Microscopy was performed at 2 and 5 dpi, and a
qPCR assay was performed with DNA extracted from cells in-
fected with GFP-EBV. The results of incubation with supernatant
from the initial EBV-infected Sh-Sy5y cells and qPCR for EBV-
DNA with primers to detect EBNA1 show that fresh Sh-Sy5y cells
were positive for EBV genomes (Fig. 6A and C). The infection
efficiency was similar in all newly infected cells, and the trend and
the intensity of the infection were similar for viral supernatants
collected at days 2, 5, and 9 from Sh-Sy5y cells and PBMCs
(Fig. 6A). At day 5, the majority of the cells showed a GFP signal
that was weaker at 2 dpi (Fig. 6A). However, by day 5, the GFP
signal and infection were visibly increased (Fig. 6A, right side).
RT-qPCR for EBNA1 DNA to confirm infection showed no sig-
nificant difference between the supernatants used (Fig. 6A and C).

Infected PBMCs displayed results similar to those obtained
with the Sh-Sy5y cell line (Fig. 6B and D). The infection signal was
weaker at day 2 with supernatant collected at 2, 5, and 9 days and
increased substantially at 5 dpi (Fig. 6B and D). Interestingly, the
levels of EBNA1 transcripts seen at 2 dpi of Sh-Sy5y were much
greater than those seen in PBMCs, suggesting a more rapid in-
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crease in EBV genome copy numbers or EBNA1 DNA in Sh-Sy5y
cells than in PBMCs at 2 dpi but a plateau by 9 dpi.

ACV inhibits EBV genome replication in Sh-Sy5y cells and
PBMCs. We used ACV to determine if we could block lytic repli-
cation and production of EBV progeny in infected neuronal cells.
To see if there is a significant difference between the virus created
by EBV replication in Sh-Sy5y neuronal cells and that created by
induction of lytic replication of EBV-transformed LCL1 cells, we
treated infected cells with ACV after 48 h of induction and used
the supernatant collected to infect fresh cells.

The results were similar whether the viruses were produced
from Sh-Sy5y or LCL1 cells treated with ACV (Fig. 6E and F).
Sh-Sy5y cells were infected with virus collected from GFP-EBV-
producing Sh-Sy5y and LCL1 cells treated or not treated with
ACYV (Fig. 6E and F). Similar GFP signals were seen after infection
without ACV at 2 and 5 dpi (Fig. 6, compare panels E and F,
ACV—). Furthermore, supernatant generated from cells treated
with ACV also had similar signal levels, which were dramatically
lower than those obtained with the virus generated from cells not
treated with ACV (Fig. 6, compare panels E and F, ACV+). Also,
the degree of cell lysis was greatly reduced in Sh-Sy5y cells infected
with lysates from ACV-treated Sh-Sy5y and LCL1 cells induced to
produce virus. This was expected, as less virus production would
result in lower infection efficiency and a reduced overall change in
cell lysis due to infection. To corroborate the infection results
described above with the direct viral genome copy numbers as a
result of treatment with ACV, we collected viral supernatants
from treated and untreated cells, extracted viral DNA, and per-
formed a qPCR assay. The results showed that supernatants col-
lected at 2 dpi from ACV-treated cells had similar reductions in
GFP-EBV genome copy numbers whether they were generated
from Sh-Sy5y or LCL1 cells, with a drop of approximately 40 to
50% (Fig. 6, compare panels G and H). Therefore, ACV affected
the lytic replication of GFP-EBV in both Sh-Sy5y and LCL1 cells at
similar levels, suggesting inhibition, as expected for herpesviruses.

KSHYV infects neuronal cells similarly to EBV. To determine if
KSHYV, the other known human gammaherpesvirus, can infect
neuronal cells similarly to EBV, we exposed Sh-Sy5y cells to re-
combinant KSHV expressing GFP, GFP-KSHV. After initial infec-
tion, cells were monitored by fluorescence microscopy at different
time intervals. Cells were collected, and RNA was extracted to
determine the expression of viral genes by RT-qPCR assay. Sh-
Sy5y neuroblastoma cells showed GFP expression as early as 1 dpi
(Fig. 7A and B). This demonstrated that KSHV was able to suc-
cessfully infect these neuronal cells. Additionally, the viral genome
was being transcribed and translated. Like EBV infection, KSHV
infection led to changes in the morphology of Sh-Sy5y cells, which
was distinct from that of uninfected cells (Fig. 7A and B). LANA
(Fig. 7A)- and K8 (Fig. 7B)-specific immunofluorescence showed
that by 24 h (1 dpi), both LANA and K8 signals were clearly de-
tected and remained to 9 dpi. Interestingly, the K8 signal was
striking, with intense punctate localization at the membrane and
neural processes, while LANA localization was predominantly nu-
clear (Fig. 7A and B).

Total RNA was collected from the cells and reverse transcribed
to cDNA before a qPCR assay of the cDNA extracted from Sh-Sy5y
cells was carried out. The genes amplified were the KSHV latent
gene for LANA and the KSHYV lytic gene for K8 (24, 26). GAPDH
and 18S rRNAs were used as endogenous controls. As shown in
Fig. 7C, LANA showed significant expression by 3 dpi, with a low
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Wild-Type EBV Infection of Primary Human Fetal Neurons
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GFP

FIG 3 Wild-type EBV infection of primary human fetal neurons. Primary neurons were plated in six-well plates at 90% confluence and infected in the same
manner as NT-2 neurons with the appropriate complete neurobasal culture medium. Fluorescence microscopy was carried out at 2, 4, 6, and 8 dpi to monitor

for GFP expression. Microscopy images were captured at X20 magnification.

level detected at 1 dpi. This confirmed the infection of Sh-Sy5y
cells. However, and interestingly, from 3 dpi onward, K8 displayed
asignificant increase in levels of transcription, which continued to
increase up to 9 dpi, supporting our observation of lytic replica-
tion and similar to the EBV results described above (Fig. 7C). To
monitor productive virus induction during Sh-Sy5y infection, we
collected infected cell supernatant, purified the virus via centrifu-
gation, and infected fresh Sh-Sy5y cells with virus obtained at 2, 5,
and 9 dpi. Interestingly, we showed that the supernatant collected
contained virus that was able to infect fresh cells. This experiment
supported our claim of active viral progeny production after
KSHYV infection of neuronal cells.

DISCUSSION

Our work was initiated to broadly determine whether the human
oncogenic gammaherpesviruses EBV and KSHV are capable of
infecting neuronal cells and to characterize the infection in terms
of viral gene expression during infection. A previous study showed
that EBV was detected in infected B cells and lymphocytes in the
CNS (63, 64). To date, studies have not clearly established EBV or
KSHYV infection of neuronal cells. The data presented in this re-
port demonstrate that EBV and KSHV are able to effectively infect
neuronal cell lines, as well as primary neurons. This phenomenon
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may potentially provide clues to their contribution to the patho-
genesis of human neural diseases. Nonetheless, these viruses may
exist in the perfect microenvironment after initiation of the asso-
ciated pathologies.

Fluorescence microscopy, along with qPCR assay results, dem-
onstrated neuronal cell infection with recombinant GFP-tagged
virus. In different neuronal cell lines, we showed infection by GFP
signal detection as early as 1 dpi. In Sh-Sy5y cells, the expression of
GFP was visualized in the cell bodies and neural processes of in-
fected cells. As the infection progressed, the cells became swollen
and eventually underwent lysis, most likely because of virion
progeny production. Therefore, EBV and KSHV were undergoing
Iytic replication to produce progeny virus in this cell type. The
RT-qPCR and WB data for Sh-Sy5y cells support our hypothesis,
as levels of EBV lytic glycoprotein gp350 and KSHYV lytic antigen
K8 increased as the infection proceeded. The results of our immu-
nofluorescence assays demonstrated that EBV and KSHV infec-
tions had occurred and that during infection of neuronal cells,
their lytic programs were activated. EBNA1 protein was clearly
present in the nuclei of Sh-Sy5y cells by 2 dpi. This confirmed that
EBV genes were produced in the infected cells. WB confirmed the
presence of latent EBNA1 and lytic BZLF-1 in EBV-infected Sh-
Sy5y cells. This suggested activation of full-blown lytic replication
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FIG 4 EBV infection of Sh-Sy5y cells produces viral latent and lytic antigen. Sh-Sy5y cells were grown on 100-mm culture plates. At 60% confluence, in addition
to the culture medium, 110 ul (~6 X 10'? viral copies) of concentrated EBV was added to each plate with 5 ul of Polybrene at a 20-umol/ml concentration.
Control cells were supplemented with only medium and Polybrene. (A) Confocal microscopy was carried out at 1, 2, 3, 5, 7, and 9 dpi with primary antibodies
to EBNAL, gp350, and DAPI. Secondary antibodies were used as described in Materials and Methods. (B) Cells were harvested at 1, 2, 3, 5, 7, and 9 dpi for WB
analyses with primary antibodies to EBNA1, BZLF1, and GAPDH, which were performed and scanned with an Odyssey infrared scanner (LI-COR Biosciences,

Lincoln, NE). Microscopy images were captured at X60 magnification.

of the viruses in this cell line. Interestingly, a number of clinical
findings, such as the presence of EBV in the CSF and nervous
systems of affiliated patients, support our finding that these vi-
ruses can infect neuronal cells (64, 65). Moreover, at 9 dpi, the
infected cells underwent lysis, most likely because of virus progeny
generation, and this will be further investigated. Also, at 9 dpi, the
population of infected cells was dramatically reduced and it was
not monitored further. However, ongoing studies will explore the
long-term survival of any of them in culture.

November/December 2015 Volume 6 Issue 6 e01844-15

In our NT-2 neuronal cell infection results clearly support
those obtained with Sh-Sy5y cells. There was significant GFP ex-
pression by 1 dpi. However, the entirety of the neural clusters did
not show GFP expression at that time point. Only the cells on the
outer rim or periphery of the clusters were GFP positive and so
were infected. This was seen more clearly at 3 dpi, as the infection
migrated to cells at the center of the neural clusters, and by 6 dpi,
the entire clusters were infected. The majority of the cells were
dead by 9 dpi, suggesting cell lysis due to lytic infection and viral
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Wild-Type EBV Infection of Primary Neurons
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FIG 5 EBV infection of primary neurons results in production of viral transcripts and antigens. (A) Immunofluorescence assays by confocal microscopy were
carried out at 2,4, 6, and 8 dpi with primary antibodies to EBNA1, MAP2, and DAPI for nuclear staining. (B) Analyses for transcripts of EBV genes, namely, those
for EBNAL, EBNA3C, BZLF1, and gp350, were carried out 1, 2, 3, 5, 7, and 9 dpi. Un, uninfected. (C) Immunofluorescence assays by confocal microscopy were
carried out at 2, 4, 6, and 8 dpi with primary antibodies to gp350, MAP2, and DAPI for nuclear staining.

production, similar to that seen in Sh-Sy5y cell infection. The fact
that the virus spread into the neural clusters also supported the
lytic-program hypothesis. This progressive infection of NT-2 clus-
ters from the rim to the center is likely to occur if the infected cells
on the periphery produced virus. The process was well organized
and likely created a special niche for virus production to support
the infection of new cells. Studying these processes at the molec-
ular level would prove insightful regarding viral progression in
neural environments and how it may differ from B cells and epi-
thelial cells. Further, the transcript data, as quantified by the RT-
qPCR assay, confirmed infection after demonstrating the expres-
sion of EBNA1, EBNA3C, and LANA, as well as the lytic markers
gp350, BZLF1, and K8. The fact that the lytic markers continued to
increase supported lytic replication. Furthermore, production of
viral progeny capable of infecting fresh cells strongly supported
lytic replication with progeny production. Evaluation of cellular
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factors important for supporting lytic replication will be one of
our future studies to understand this process.

The use of primary human fetal neurons in this study was crit-
ical, as it represented a more direct physiological link to EBV in-
fection associated with neuronal pathologies. The primary human
fetal neuron infection data obtained further support our conclu-
sions about the cell lines. The fluorescence patterns, cell lysis, and
viral transcription data postinfection were similar to the trends
seen in the Sh-Sy5y cell line. The RT-qPCR and immunofluores-
cence data both showed increases in lytic gp350 activity, suggest-
ing that EBV undertook a predominantly lytic infection in vitro.

Similar to the EBV studies, microscopy, immunofluorescence
assay, and viral transcription data also supported KSHV infection
of neuronal cells. Further, supernatant from EBV-infected Sh-
Sy5y cells was effectively used to infect EBV-negative Sh-Sy5y
cells, as well as PBMCs, which demonstrated that the initially in-
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fected Sh-Sy5y cells were producing EBV virions, resulting in cell
lysis. We also determined the efficacy of virus produced by in-
fected neuronal cells compared to that of induced virus from EBV-
transformed LCL1 cells. ACV-treated Sh-Sy5y cells and induced
LCL1 cells showed a strong reduction of virus production for both
viral preparations in similar manners, as determined by infection
of fresh cells and genome copy numbers. Therefore, viral lytic
replication was inhibited in Sh-Sy5y neuronal cells in a manner
similar to that seen in LCL1, a B-cell line.

Furthermore, future studies examining the electrochemical
signals in EBV- and KSHV-infected neurons compared to unaf-
fected neurons will provide additional clues to these infections in
neuronal diseases. In many debilitating neurodegenerative dis-
eases, including MS, the efficiency of electrochemical signals is
greatly reduced, often leading to problems related to cognition
and muscular activity. It is likely that viral infection with EBV or
KSHYV may severely reduce these signals, leading to reduced cog-
nition and reduced neuromuscular function. Additionally, pa-
tients with EBV- or KSHV-associated cancers may also have ad-
ditional complications due to infection of neuronal cells, leading
to cognitive deficiencies.

This study clearly established that lytic EBV and KSHV infec-
tions of neuronal cells resulting in progeny production are possi-
ble. However, further studies are required to fully understand the
mechanism of these infections and their relevance to neuronal
diseases. Our hope is that these studies will persuade the scientific
community to take a more in-depth look at neurological pathol-
ogies, which may elucidate a role for these ubiquitous gammaher-
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pesviruses as contributors to these pathologies specifically as it
may relate to a lytic type of infection. These results also clearly
show that infection of neuronal cells can occur. However, it
should be clearly stated that they are not supportive of a causative
role. They merely provide additional evidence demonstrating
their presence. It is also possible that infection may occur after the
initiation of these pathologies. Clearly, there is a great deal more to
do in this arena.

MATERIALS AND METHODS

Cell and virus cultures. The Sh-Sy5y neuroblastoma cell line was ob-
tained from Ian Blair (Perelman School of Medicine, University of Penn-
sylvania). This EBV- and KSHV-negative cell line was cultured in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 50 mg/ml streptomycin, and 50 U of penicillin. The
cells were grown in 100-mm plates. Coverslips treated with poly-L-lysine
(Sigma-Aldrich, St. Louis, MO) were used for immunofluorescence ex-
periments.

Neuron-committed NT-2 cells were obtained from Dennis Kolson
(Perelman School of Medicine, University of Pennsylvania). The virus-
negative undifferentiated cells were grown in DMEM with 10% FBS sup-
plemented with 50 mg/ml streptomycin and 50 U of penicillin. The cells
were differentiated into NT-2 neurons in six-well plates over a span of
6 weeks and maintained as described by Chen et al. (63).

Primary human neurons were obtained from the Temple University
School of Medicine Comprehensive NeuroAIDS Center as deidentified
culture and maintained in neurobasal medium supplemented with 2%
glutamine, 0.4% gentamicin, and 2% B27 supplement. The virus-negative
neurons were maintained in six-well plates and in four-well chamber
slides for immunofluorescence experiments.
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Reinfection of Sh-Sy5y and Acyclovir treatment using EBV produced from initial Sh-Sy5y infection
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FIG 6 ACV treatment inhibits EBV production in GFP-EBV-producing Sh-Sy5y and LCLI cells. (A to D) Medium suspensions were collected from infected
Sh-Sy5y cultures at 2, 5, and 9 dpi. Sh-Sy5y cells were grown to 60% confluence in six-well plates. For infection, each well was supplemented with 2 ml of complete
culture medium, and 200 ul of supernatant collected on day 2, 5, or 9 was added to respective wells with 1 ul of Polybrene. (A and B) Fluorescence microscopy
of Sh-Sy5y cells and PBMCs was carried out temporally. (C and D) Transcript analyses of Sh-Sy5y cells and PBMCs were carried by RT-qPCR out at the time
points shown. (E to H) Infected Sh-Sy5y cells that were viable after primary infection with GFP-EBV from the HEK293T source cells were selected for by using
puromycin at 1 ug/ml of culture medium. GFP-EBV was induced by the same method as HEK293T cells containing BACGFP-EBV. LCLI cells containing
BACGFP-EBV were also cultured and induced. Viruses from both of the sources were concentrated. Sh-Sy5y cells were cultured in six-well plates and infected
with GFP-EBV from supernatant obtained from both Sh-Sy5y and LCL1 cells by adding 150 ul of the respective virus supernatant to each well containing 2 ml
of complete culture medium and 1 ul of Polybrene. For each virus category, half of the infected cells were supplemented with 25 mM ACV. After 18 h, the
infection medium was replaced with fresh medium and ACV was still administered to the ACV-positive group. The extent of infection of Sh-Sy5y cells by
GFP-EBV from LCL1 or Sh-Sy5y cells in the presence or absence of ACV was monitored by fluorescence microscopy (E and F), transcript analysis by RT-qPCR
assay was performed (G and H), and the results are presented as fold changes. Un, uninfected.

Deidentified human PBMCs were obtained from the University of HEK293T cells containing recombinant BACGFP-EBV, an EBV epi-
Pennsylvania Human Immunology Core. These EBV-negative cells were ~ some expressing GFP and enabling puromycin resistance, were created
cultured in RPMI 1640 with 7% FBS supplemented with 50 mg/ml strep-  previously as explained by Halder et al. (52). BACGFP-KSHV was previ-
tomycin and 50 U of penicillin. The cells were cultured in six-well plates.  ously described (65, 66). The cells were cultured in DMEM with 5% FBS
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FIG 7 Wild-type KSHV infection of Sh-Sy5y cells. Sh-Sy5y cells were grown in 100-mm culture plates. At 60% confluence, in addition to the culture medium,
110 pl (~6.2 X 10'2 viral copies) of concentrated KSHV was added to each plate with 5 ul of Polybrene at a 20-umol/ml concentration. Control cells were
supplemented with only medium and Polybrene. (A and B) Confocal microscopy was carried out at 1, 3, 5, 7, and 9 dpi with primary antibodies against LANA,
K8, and DAPI. Secondary antibodies were used as described in Materials and Methods. (C) Cells were harvested at 1, 3, 5, 7, and 9 dpi for detection of LANA, K8,

and endogenous 18S rRNA transcripts.

supplemented with 50 mg/ml streptomycin, 50 U of penicillin (medium),
and 1 pg/ml puromycin. Cells were grown in 175-cm? culture flasks.

LCL1 cells containing BACGFP-EBV were created previously (52).
The cells were cultured in RPMI 1640 with 7% FBS supplemented with
50 mg/ml streptomycin, 50 U of penicillin (medium), and 1 pg/ml puro-
mycin. Cells were grown in 175-cm? culture flasks. All cells were incu-
bated at 37°C with 5% CO,. The medium of all of the cell lines was
changed every 3 days.

Induction of virus from HEK293T cells containing BACGFP-EBV
and BACGFP-KSHV. Cells containing BACGFP-EBV or BACGFP-
KSHYV were induced to release virus by culturing for 5 days in complete
DMEM containing 20 ng/ml phorbol ester TPA and 3 mM butyric acid
(Sigma-Aldrich, St. Louis, MO). All of the procedures used were described
earlier (67, 68). Cell suspensions were centrifuged at 2,100 rpm for 15 min,
and the virus-containing supernatant was filtered through a 0.45-um cel-
lulose acetate filter. The virus was concentrated by ultracentrifugation at
27,000 rpm at 4°C and stored at —80°C.

Infection of Sh-Sy5y cells with GFP-EBV and GFP-KSHV. Sh-Sy5y
cells were grown in 100-mm culture plates. For immunofluorescence as-
says, poly-L-lysine-coated coverslips were placed in the culture plates. At
60% confluence, in addition to the culture medium, virus was added to
each plate with 5 ul of Polybrene at 20 umol/ml. Control cells were sup-
plemented with only medium and Polybrene. Cells were incubated for
18 h, and the medium was replaced with fresh complete DMEM. Medium
was collected and changed at 2, 5, and 9 dpi. Fluorescence microscopy was
carried out at similar intervals to monitor GFP expression. Cells were
harvested at these time points for gene expression analysis.

Infection of NT-2 neurons with GFP-EBV obtained from infected
HEK293T cells. NT-2 neurons were differentiated in six-well plates to a
density of 700 to 900 neural clusters per well. In addition to 2 ml of
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complete culture medium per well, a virus suspension in VIM (virus in-
fection medium) was added to each well. Polybrene was not used for this
infection. Control neurons were supplemented with medium only. The
medium was swapped with fresh complete culture medium after 18 h.
Thereafter, the medium was changed every 3 days. Fluorescence micros-
copy was carried out at 1, 3, 5, 7, and 9 dpi to monitor GFP expression.
Neurons were harvested thereafter for gene expression analysis.

Infection of primary neurons with GFP-EBV obtained from in-
fected HEK293T cells. Primary neurons were plated in six-well plates at
90% confluence and infected in the same manner as NT-2 neurons with
the appropriate complete neurobasal culture medium (69). Fluorescence
microscopy was carried out at 2, 4, 6, and 8 dpi to check for GFP expres-
sion, and the neurons were harvested at the appropriate time points for
gene expression analysis. These cells were harvested 48 h postinfection
instead of at 24 h postinfection, as their growth rate was lower than that of
the other cell lines used.

DNA and RNA extraction. For quantitation of intracellular viral
DNA, cells were harvested and washed twice with 1 X phosphate-buffered
saline (PBS) to remove the residual virus. Cells were incubated in HMW
buffer (10 mM Tris-HCI [pH 8.0], 150 mM NaCl, 10 mM EDTA, 0.5%
SDS) for 2 h at 55°C. Five hundred micrograms per milliliter proteinase K
was added, and the mixture was incubated at 37°C overnight with subse-
quent extraction by the phenol-chloroform-isopropanol method. Viral
DNA was treated with RNase, precipitated, and then resuspended in wa-
ter. Extracellular viral DNA was extracted from culture supernatants as
described previously (70, 71). In brief, virions were pelleted at 70,000 X g
for 2 h at 4°C and resuspended. Cellular DNAs and free viral DNAs were
removed by treatment with DNase I at 37°C. Virion DNA was treated with
HMW bulffer for 20 min (63, 64). This was followed by treatment with
proteinase K overnight at 37°C and subsequent extraction by the phenol-
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TABLE 1 Primers used for RT-qPCR

Primer and strand ~ DNA sequence (5'-3") Reference
EBNA1
Forward CACCATTGAGTCGTCTCCCC 52
Reverse TCAAAGCTGCACACAGTCAC
EBNA3C
Forward AGAAGGGGAGCGGTGTTGTG 52
Reverse ACGGCAGGAGGCCCAGTATC
gp350
Forward AGGTGCTGCAGCCCTCGAGGAAGTC 52
Reverse GGCTAGCGAGAATCCATCACCGACT
BZLF1
Forward AACCGCTCCGACTGGGTCGTGGTTT 52
Reverse CCAGGTTGAGGTGCTTCTCCCCCGG
LANA
Forward CCATCTCTTGCATTGCCAC 60
Reverse AACTACGGTTGGCGAAGTCA
K8
Forward TTCGCGTGGGAGAATGTGA 57
Reverse ACAGCCCACACATGTCCTGT
GADPH
Forward ACGACCACTTTGTCAAGCTC 60
Reverse GGTCTACATGGCAACTGTGA
18S rRNA
Forward GGCCCTGTAATTGGAATGAGTC 52
Reverse CCAAGATCCAACTACGAGCTT

chloroform-isopropanol method. Intracellular and extracellular viral
DNA preparations were quantitated by RT-qPCR assays for EBNA1,
EBNA3C, and gp350 for EBV and LANA and K8 for KSHV with previ-
ously described primers (52, 57, 60).

Real-time PCR assays. To determine the intracellular viral RNA, we
extracted the total RNA from ~6 X 10° to 8 X 10° GFP-EBV- or GFP-
KSHV-infected Sh-Sy5y cells, NT-2 neurons, primary human neurons, or
PBMC:s at the specified time points postinfection with the TRIzol reagent
(Invitrogen Inc., Carlsbad, CA) as described earlier (72). A 1.0-ug sample
of DNase-treated total RNA was used to synthesize cDNA with the high-
capacity RNA-cDNA kit (Applied Biosystems Inc., Foster City, CA) ac-
cording to the manufacturer’s instructions. The specific target gene for
amplification are shown in Table 1. The target genes were amplified from
c¢DNA with power SYBR green PCR master mix (Applied Biosystems Inc.,
Carlsbad, CA), 1 mM primer, and 2 ul of the cDNA product in a total
volume of 10 ul. The reactions were prformed with 96-well plates at 95°C
for 10 min, followed by 36 cycles of 95°C for 30 s, 56°C for 30's, and 72°C
for 30 s and then 10 min at 72°C. Melting curve analysis was performed to
verify the specificity of the amplified products. The relative quantitation
values were calculated by the AAC, method. All reactions were run in
triplicate. GAPDH was used as the endogenous control.

Immunofluorescence assay. Sh-Sy5y cells were grown and infected
directly on 22-by-22-mm coverslips. At specified time points, the cover-
slips were washed with PBS and fixed for 30 min with 4% paraformalde-
hyde with 0.1% Triton X-100. Cells were washed again in PBS and blocked
with 3% milk prepared in PBS for 30 min. The coverslips were washed
twice with PBS, and primary staining was done overnight with rabbit
anti-EBNAI (10 pg/ml, 1:1,000 dilution), anti-LANA (1:200), anti-K8
(1:200), and anti-gp350 (1:200) mouse hybridoma supernatant. The cov-
erslips were washed three times with PBS, and secondary staining was
done for 1 h with goat anti-rabbit antibody (595 nm, 1:1,000 dilution),
donkey anti-mouse antibody (647 nm, 1:1,000 dilution), and DAPI anti-
body (1:500 dilution). Coverslips were washed three times with PBS and
mounted on slides with antifade (Molecular Probes Inc., Carlsbad, CA).

Primary human neurons were prepared and infected in four-well
chamber slides. For the times specified, the cells were washed with PBS
and fixed for 30 min with 4% paraformaldehyde with 0.1% Triton X-100.
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Cells were washed again in PBS and blocked with 3% milk prepared in PBS
for 30 min. Coverslips were washed twice with PBS, and primary staining
was done overnight with chicken anti-MAP2 antibody (19 ug/ml,
1:10,000 dilution) and rabbit anti-EBNA1 antibody (1:1,000 dilution) or
anti-gp350 mouse hybridoma supernatant. The slides were washed three
times with PBS, and secondary staining was done for 1 h with goat anti-
chicken antibody (650 nm, 1:2,000 dilution), DAPI antibody (1:500), and
either goat anti-rabbit antibody (595 nm, 1:1,000 dilution) or donkey
anti-mouse antibody (595 nm, 1:1,000 dilution). Slides were washed three
times with PBS mounted onto coverslips with antifade. Fluorescence was
viewed by confocal microscopy and analyzed with the Fluoview 300 soft-
ware (Olympus Inc., Melville, NY).

Infection assays with EBV produced from initial Sh-Sy5y cell GFP-
EBYV infection. Medium suspensions were collected from infected Sh-
Sy5y cell cultures. Suspensions were centrifuged at 2,100 rpm for 15 min,
and the virus-containing supernatant was filtered through a 0.45-um cel-
lulose acetate filter. The virus was concentrated by ultracentrifugation at
27,000 rpm at 4°C and stored at —80°C. Sh-Sy5y cells were grown to 60%
confluence in six-well plates. For infection, each well was supplemented
with 2 ml of complete culture medium and 200 ul of virus was collected at
different time points and added to respective wells with 1 ul of Polybrene.
Infection medium was replaced with fresh medium after 18 h. Fluores-
cence microscopy and genetic analysis by real-time PCR were carried out
at specified time points. PBMCs were infected with virus in the same
manner as described earlier.

Infection of cells with GFP-EBV obtained from ACV-treated Sh-
Sy5y and LCL1 cells. Sh-Sy5y cells infected with GFP-EBV from
HEK293T cells used to stably maintain the virus were selected with
1 pg/ml puromycin. Infected Sh-Sy5y cells were induced by the same
method as the HEK293T cells containing GFP-EBV described above.
LCL1 cells containing GFP-EBV were also cultured and freshly induced at
the same time. Viruses from both sources were harvested and concen-
trated as described above. Sh-Sy5y cells were cultured in six-well plates
and infected with purified virus from GFP-EBV-producing Sh-Sy5y and
LCL1 cells by adding 150 ul of the respective virus preparations to each
well containing 2 ml of complete culture medium and 1 ul of Polybrene.
For each virus category, half of the infected cells were supplemented with
25 mM ACV. After 18 h, the infection medium was replaced with fresh
medium but ACV was still administered to the ACV-positive group. The
extent of infection of Sh-Sy5y cells by either LCL1 or Sh-Sy5y GFP-EBV in
the presence or absence of ACV was monitored by fluorescence micros-
copy and RT-qPCR analysis.

WB. Cells were harvested, washed with ice-cold PBS, and then lysed
with radioimmunoprecipitation assay buffer (10 mM Tris [pH 7.5],
150-mM sodium chloride, 2 mM EDTA, 1% NP-40). A protease inhibitor
cocktail was added before lysis of the cells. The cell debris was removed by
centrifugation at 21,000 X g for 12 min (4°C), and the supernatant was
transferred into sterile microcentrifuge tubes. The lysates were then quan-
titated and normalized. WB was performed as described previously (67).
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