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ABSTRACT Epstein-Barr virus (EBV) is a ubiquitous herpesvirus responsible for sev-
eral diseases, including cancers of lymphoid and epithelial cells. EBV cancers typically
exhibit viral latency; however, the production and release of EBV through its lytic
phase are essential for cancer development. Antiviral agents that specifically target
EBV production do not currently exist. Previously, we reported that the proton pump
inhibitor tenatoprazole, which blocks the interaction of ubiquitin with the ESCRT-1
factor Tsg101, inhibits production of several enveloped viruses, including EBV. Here,
we show that three structurally distinct prazoles impair mature particle formation
postreactivation and identify the impact on stages of replication. The prazoles did
not impair expression of lytic genes representative of the different kinetic classes
but interfered with capsid maturation in the nucleus as well as virion transport from
the nucleus. Replacement of endogenous Tsg101 with a mutant Tsg101 refractory to
prazole-mediated inhibition rescued EBV release. These findings directly implicate
Tsg101 in EBV nuclear egress and identify prazoles as potential therapeutic candi-
dates for conditions that rely on EBV replication, such as chronic active EBV infection
and posttransplant lymphoproliferative disorders.

IMPORTANCE Production of virions is necessary for the ubiquitous Epstein-Barr virus
(EBV) to persist in humans and can set the stage for development of EBV cancers in
at-risk individuals. In our attempts to identify inhibitors of the EBV lytic phase, we
previously found that a prazole proton pump inhibitor, known to block the interac-
tion of ubiquitin with the ESCRT-1 factor Tsg101, blocks production of EBV. We now
find that three structurally distinct prazoles impair maturation of EBV capsids and vi-
rion transport from the nucleus and, by interfering with Tsg101, prevent EBV release
from lytically active cells. Our findings not only implicate Tsg101 in EBV production
but also identify widely used prazoles as candidates to prevent development of
posttransplant EBV lymphomas.

KEYWORDS Epstein-Barr virus, viral inhibition, prazole, proton pump inhibitor, ESCRT,
lytic cycle, Tsg101, ubiquitin

pstein-Barr virus (EBV) is a double-stranded DNA virus of the gammaherpesvirus

family (reviewed in reference 1). EBV establishes latent infection in B lymphocytes
and remains dormant in the host. However, periodic switch into the lytic phase allows it
to infect additional cells in the same host and to spread between human hosts. While
this viral transition into the lytic phase is clinically silent in most hosts, the resulting virus
production is an essential step in developing EBV-malignancies, such as posttransplant
lymphoproliferative disease (PTLD) in the setting of immunosuppression. The incidence
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of PTLD, which can have devastating consequences, ranges between 1 and 10% depend-
ing on the type of transplant and the degree of immunosuppression. To date, an EBV-
specific antiviral capable of reducing EBV load during immunosuppression or a specific
vaccine is unavailable.

Many enveloped viruses recruit the endosomal sorting complex required for trans-
port (ESCRT) pathway for viral budding (2, 3). One of its components, tumor suppressor
gene 101 (Tsg101), was shown to play an important role in egress of human immuno-
deficiency virus (HIV), also an enveloped virus (4-7). By disrupting Tsg101 interaction
with ubiquitin (Ub), prazoles inhibit the production of HIV-1 and several other envel-
oped viruses, including EBV (8). Prazoles are FDA-approved prodrugs that are used
widely to treat gastroesophageal reflux disease (GERD) (9). Ub is a 76-amino-acid poly-
peptide that is added to primary amino groups of acceptor proteins and plays both
known and unknown roles in cellular cargo sorting, signaling, and enveloped virus
budding. As Ub, the Ub ligase Itch, and the ESCRT adaptor protein ALIX have been
implicated in regulating EBV BFRF1- and BFLF2-mediated modification of the nuclear
envelope, thereby facilitating transport of immature capsids from the nucleus to the
cytoplasm (10, 11), we hypothesized that the sensitivity of EBV production to prazoles
might be linked to their interference with Tsg101 Ub binding. Alix and Tsg101 both
function as ESCRT-IIl recruiters.

Ub modification of proteins requires the activity of a cascade of E1, E2, and E3 enzymes
that sequentially activate the peptide (E1), conjugate it (E2) to mediate its transfer to the
ligating enzyme (E3), and then covalently add it to the substrate. Tsg101 is an enzymati-
cally inactive homolog of ubiquitin-conjugating (E2) enzymes (12, 13). Though still able to
bind Ub via a pocket within its N-terminal Ub E2 variant (UEV) domain, the protein cannot
transfer Ub to E3 ligases, as it lacks the active-site Cys residue necessary to form a transient
thioester bond with the C terminus of Ub. Tsg101 facilitates recognition of cargo that is to
be sorted in the endosomal pathways, e.g., for delivery to a degradative compartment, the
plasma membrane or some other compartment, and this role is believed to be facilitated
through its Ub binding (2-8, 14). Through another pocket, also in the UEV domain, Tsg101
recognizes short P(T/S)AP motifs in proteins that recruit it, such as the HIV precursor poly-
protein Gag. Although the Tsg101-PTAP interaction is required for interaction with Gag
(5-7), Tsg101-Ub and Tsg101-RNA binding are essential for recruitment of the ESCRT ma-
chinery to virus assembly sites on the plasma membrane and for HIV budding (15-17).
Importantly, prazoles interact with the UEV domain to block Tsg101-Ub binding, thereby
impairing HIV release (8, 15). Based on our recent discovery that a prazole inhibits EBV
egress (8), we investigated the effects of diverse prazoles on the lytic phase of EBV and
found that all of the drugs interfered with EBV capsid maturation and exit from the nu-
cleus. Inhibition of virus production was reversed when the pool of endogenous Tsg101
was depleted and replaced with Tsg101 that had been made impervious to prazole attack
by mutation of the UEV Cys residue targeted by the compounds. We conclude that
Tsg101-Ub binding may be critical for recruitment of the membrane remodeling apparatus
at the nuclear membrane as well as at the plasma membrane. Our findings also identify
prazole compounds as potential therapies for EBV diseases.

RESULTS AND DISCUSSION

Related prazoles inhibit EBV release from lytically induced cells. We assessed
the effect of three related but structurally distinct prazoles (tenatoprazole [T], ilaprazole
[Il, and rabeprazole [R]) on release of EBV from cells, using a well-established system
for studying the EBV lytic phase. Prazole compounds are highly effective inhibitors of
HIV-1 replication but exhibit different levels of efficacy (8, 15). As in the parental Burkitt
lymphoma cell line HH514-16, EBV in CLIX-FZ cells is tightly latent but readily under-
goes transition into the lytic phase when exposed to doxycycline; doxycycline activates
the stably integrated EBV BZLF1 gene, which encodes the viral lytic switch protein
ZEBRA (18, 19). ZEBRA expression permits the effects of prazoles on the lytic phase to
be evaluated without the confounding presence of a broadly acting lytic-inducing
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FIG 1 Prazoles inhibit EBV release from lytically induced cells. CLIX-FZ BL cells were exposed to doxycycline to activate the lytic phase of EBV (Dox) or Dox
plus prazoles (T, tenatoprazole; |, ilaprazole; R, rabeprazole). (A) Culture supernatants were harvested 72 h later, treated with DNase, and assayed for EBV
load using gPCR. **, P < 0.001. Error bars show standard errors of the means (SEM) for biological triplicates. (B) Cells were harvested at 48h and surface
stained using reference EBV-seronegative control serum (top) or reference EBV-seropositive serum to identify lytically active cells (bottom).

agent such as a histone deacetylase (HDAC) inhibitor. As shown in Fig. 1A, exposure to
doxycycline resulted in a significant increase in detection of DNase-resistant virus in
the culture supernatant. Treatment with T, |, and R knocked down the amount of virus
detected by ~90%. In a complementary approach, we used a previously validated
EBV-seropositive serum (compared to a control EBV-seronegative serum) to detect lytic
virus on the surface of live cells using flow cytometry (20, 21). We found that, consist-
ent with the results of Fig. 1A, treatment with prazoles resulted in 60 to 70% reduction
in detection of cells with lytic virus on the surface (Fig. 1B). That said, prazoles
appeared to be more effective in the extracellular DNA assay than in the flow cytome-
try assay. This difference results from the following inherent differences between the
two assays: (i) the PCR-based assay measures encapsidated viral genomes, while the
flow-based assay measures the number of cells producing virus particles, and (ii) any
empty virions, i.e., virions lacking viral genomes resulting from prazole treatment,
would not be captured by the PCR assay but would still be detected as virus particles
in the flow assay. Collectively, these findings indicate that prazoles inhibit release of
EBV from lytically active cells. Furthermore, the impact of the three compounds was
comparable. In that regard, tenatoprazole exhibited a 50% effective concentration
(ECso) of <20 uM for EBV compared to 50 uM for HIV-1 and 3.2 uM to function as a pro-
ton pump inhibitor (8). llaprazole and rabeprazole were as effective as tenatoprazole at
10 uM; ilaprazole exhibits an EC,, of 6 uM for proton pump inhibition (22).

Prazoles do not impair EBV lytic gene expression. A key step in virus production
is lytic gene expression. Lytic gene expression is a temporally regulated process in
which the lytic switch ZEBRA (and another immediate early lytic gene product, RTA)
turn on expression of early lytic genes whose products are essential for replication of
EBV genomes. Genome replication is followed by expression of late lytic genes, whose
products largely contribute to structural components of the virus. In our system,
ZEBRA expression was turned on from an exogenous BZLF1 locus, making it difficult to
differentiate between exogenous and endogenous BZLF1 transcripts. We therefore
determined the effect of prazoles on representatives of early and late gene expression.
None of the prazoles T, |, and R blocked expression of BMRF1, a representative early
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FIG 2 Prazoles do not block EBV early and late lytic gene expression. CLIX-FZ cells were treated with DMSO, doxycycline to induce the lytic phase of EBV
(Dox), or Dox plus prazoles (T, tenatoprazole; |, ilaprazole; R, rabeprazole). Cells were harvested 72h later (or 48h later [D]) and assayed for BMRF1
transcript (A) or BLLF1 transcript (B) using RT-qPCR, for expression of BALF5, EA-D, and gp350 by flow cytometry (C), or for intracellular viral genomes using
qPCR to amplify the BALF5 gene (D). Error bars in panels A, B, and D show SEM for three technical replicates. *, P < 0.05; **, P<0.01; ***, P<0.001; NS, no
significant reduction compared to Dox alone; gates in flow cytometry plots were determined by comparison to isotype control stained cells. Experiments

were performed twice.

lytic gene whose product serves as the DNA polymerase processivity factor, or BLLF1, a
representative late lytic gene that encodes the major EBV glycoprotein gp350 (Fig. 2A
and B). Confirming these findings, prazoles did not inhibit steady-state levels of EA-D
(BMRF1 gene product), BALF5 (the viral DNA polymerase; a product of the early lytic
gene BALF5), or gp350 proteins. Indeed, neither the percentage of cells expressing
these viral proteins nor their levels in individual cells were impaired (Fig. 2C). Although
T seemed to have a slightly positive effect on the levels of BALF5 and EA-D, the effect
on gp350 steady state was negligible. As expected, treatment with doxycycline
resulted in a significant (~160-fold) increase in BZLF1 transcripts (Fig. 2D). These results
indicate that expression of lytic genes, including postreplication lytic genes, is not neg-
atively impacted by prazoles.

To ensure that prazoles did not adversely alter the metabolic state of cells, we
tested the three drugs on CLIZ-FZ BL cells and A549 (human alveolar basal epithelial
adenocarcinoma) cells and found no difference in metabolic activity after exposure to
prazoles (Fig. 3A and B).

These results support the conclusion that the effect of the prazoles is highly selective:
under conditions of minimal interference with cellular metabolism or EBV early or late lytic
gene expression, prazoles interfere significantly with EBV's egress, a postreplication event.

Prazoles impair egress of EBV capsids from the nucleus. Ubiquitination of endo-
cytic cargo signals Tsg101 in ESCRT-I to ultimately recruit ESCRT-III to sites of cargo
accumulation on endocytic or plasma membranes which triggers membrane reforma-
tion and scission, important steps in cytokinesis, multivesicular body (MVB) formation,
nuclear membrane remodeling, and virus budding (23, 24). EBV utilizes this membrane
remodeling machinery for the formation of primary capsid envelopment, tegument acqui-
sition and secondary envelopment while budding from the nuclear membrane, transport
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FIG 3 Prazoles demonstrate minimal toxicity. CLIX-FZ BL (A) and A549 (B) cells were exposed to
DMSO, doxycycline (Dox [A]), or Dox plus prazoles (T, tenatoprazole; |, ilaprazole; R, rabeprazole) and
harvested 24 h later for assessment of viability using the WST-1 assay. NS, not significant. Error bars
show SEM for technical triplicates. The experiment was performed twice.

through the cytoplasmic membranes, and ultimately cell egress (25). Following activation
of the lytic cycle, immature virus buds through the inner nuclear membrane, facilitated by
ubiquitination (10). Once EBV matures in the cytoplasm, it leaves the cell via exocytosis.
Interruption of these processes could therefore prevent virus egress and/or result in viruses
with incomplete membranes, thus rendering them ineffective to infect new cells.

To visualize the effects of prazoles on EBV morphology and localization, we used elec-
tron microscopy. As expected, there were no virus particles in cells prior to lytic induc-
tion (Fig. 4A). As also expected, activating the lytic cycle with doxycycline resulted in
detection of a large number of virus-like particles (VLPs) resembling immature capsids in
the nucleus (Fig. 4B). The nuclear VLPs exhibited two main morphologies, a single shell
with electron dense center and a double shell without center density (indicated by car-
toons in Fig. 4B). Activating the lytic cycle in the presence of prazoles resulted in detec-
tion of VLPs exhibiting similar morphologies in the nucleus. However, in addition, par-
ticles possessing single shells but lacking central density were detected with greater
frequency than in the absence of prazoles (compare Fig. 5A and Fig. 4B). Indeed, there
were 55.5% defective/empty capsids observed in the presence of prazoles compared to
31% in the presence of doxycycline alone (Fig. 5D). Furthermore, consistent with obser-
vations made with HSV-1 and HSV-2 (26), following doxycycline treatment, nuclear EBV
VLPs measured ~100nm in diameter, in contrast to extracellular virions, which meas-
ured ~200 nm (Fig. 4B and C). In contrast, while nuclear VLPs measured close to 100 nm,
virions detected outside cells exposed to prazole were smaller than their counterparts
released from non-prazole-treated cells, measuring 100 to 150 nm (Fig. 5A to C). These
findings suggest that prazoles interfere with capsid maturation in the nucleus and the
cytoplasm as well as with exocytosis of mature particles.

The prazole-mediated interference reflects targeting of Tsg101 Cys73. Previous
studies indicated that prazoles disrupt the interaction between Ub and Tsg101 within
the UEV domain (15). Possibly by analogy to Alix (10, 11), Tsg101-Ub binding partici-
pates in BFRF1/BFLF2-mediated functions during EBV maturation. To test this, we
asked whether the prazole-mediated defect in EBV egress was related directly to the
ability of prazoles to block Tsg101 function. We previously demonstrated that prazole
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FIG 4 VLPs are detected in the nucleus and the extracellular space following lytic activation from latency. CLIX-FZ BL cells were
exposed to DMSO (A) or doxycycline (Dox) (B and C). Cells were harvested 48 h later for evaluation by electron microscopy. Nuclei in
panels A, A1, and A2 demonstrate a general lack of VLPs. (B) Dox-treated cells show numerous VLPs in the nucleus. Cartoons next to
panels B1 and B2 indicate two predominant morphologies of nuclear VLPs (circled in red in panel B); those circled in yellow in panel
B indicate defective-appearing VLPs with a single shell that lack a central electron-dense material. (C) Dox-treated cells show
numerous extracellular virions. Sizes of nuclear and extracellular VLPs are indicated in panels B and C.

metabolites disrupt Tsg101 Ub binding by forming a disulfide linkage with cysteine 73
in the Tsg101 UEV domain (8, 15). Mutation of cysteine 73 to alanine (C73A) makes
Tsg101 refractory to prazole targeting without any detectable deleterious effect on
Tsg101 function. We therefore depleted the pool of endogenous Tsg101 protein using
a previously validated small interfering RNA (siRNA)-targeting strategy (15) in cells
expressing ectopic FLAG-tagged wild-type or C73A-mutated Tsg101 in EBV* p2089
cells. These are HEK-293T-derived cells that carry the EBV genome and, like latently
infected B cells, do not express lytic genes at baseline. Importantly, introduction of
ZEBRA and RTA (to enhance lytic responsiveness) into these cells triggers and recapitu-
lates the EBV lytic cascade (27, 28). We found that, as in EBV* BL cells, the encapsidated
extracellular EBV load following lytic activation was significantly impaired in wild-type
Tsg101-expressing p2089 cells exposed to any of the prazoles. However, virus produc-
tion was rescued in cells expressing the C73A Tsg101 mutant that is refractory to pra-
zole-mediated inhibition (Fig. 6A to C). As expected, expression of siRNA targeting
Tsg101 depleted the pool of endogenous Tsg101 protein but not the siRNA-resistant
FLAG-tagged wild-type or C73A mutant Tsg101 (Fig. 6D and E). We conclude that pra-
zoles block EBV capsid egress from the nucleus by interfering directly with Ub binding
of the ESCRT-I factor Tsg101 through their interaction with Cys73. Based on previous
studies, the mechanism underlying this Tsg101 involvement appears to be unlinked to
its well-established role in recruitment of ESCRT-III. If so, further investigation should
provide opportunities to gain novel insights into both the EBV egress process and hith-
erto-unappreciated functions of the Tsg101 protein.

EBV egress from the nucleus is aided by the nuclear egress complex, which is com-
posed of the EBV BFRF1 and BFLF2 gene products (29). Indeed, ubiquitination of BFRF1
through the activities of the E3 ligase Itch and the ESCRT-I factor Alix is a required step
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FIG 5 Prazoles negatively impact capsid maturation and size of extracellular virions. CLIX-FZ BL cells were exposed to doxycycline
(Dox) plus prazoles. Cells were harvested 48 h later for evaluation by electron microscopy. (A) Numerous nuclear VLPs. Cartoons next
to panel A1 indicate the three morphologies shown in panels A and A1. Normal-appearing and defective VLPs are circled in red and
yellow, respectively, in panel A. (B and C) Extracellular virions. Sizes of nuclear capsids and extracellular VLPs are also indicated. (D)

Percent empty nuclear capsids in doxycycline versus doxycycline plus prazole-treated cells. **, P<0.01.

in BFRF1-mediated modulation of the inner nuclear membrane (11). Notably also,
Tsg101 was reported to interact with BFRF1 at the nuclear rim in cells coexpressing
BFLF2 (10, 11). The role of Tsg101 was speculated to be indirect (10). Our results pro-
vide evidence that Tsg101 plays a direct role in EBV capsid maturation as well as egress
from the nucleus. While herpes simplex virus 1 (HSV-1) and human cytomegalovirus,
which are alpha- and betaherpesviruses, respectively, exploit the ESCRT-IIl machinery
for nuclear budding, neither seems to require Tsg101 (30, 31). Interestingly, Leis et al.
(32) examined prazole efficacy against HSV-1 and HSV-2 and observed a range of sus-
ceptibility, with ilaprazole being significantly more effective than tenatoprazole and
rabeprazole not being inhibitory at all. As shown here, all three compounds inhibited
EBV replication and were effective at concentrations comparable to that found for
HSV-1/2 with ilaprazole. Moreover, while ilaprazole and tenatoprazole blocked nuclear
egress of HSV-1/2, it appears that the drugs interfere with EBV primary capsid matura-
tion, budding from the nuclear membrane, and transport through the cytoplasmic
membranes for ultimate cell egress, events that require ESCRT-III, for which Tsg101 is
the conduit. Thus, while HSV-1/2 prazole susceptibility suggests a requirement for the
Tsg101-Ub binding event that the drugs inhibit, the observed differences in HSV-1/2
and EBV susceptibility may reflect the extent to which Tsg101 participates directly ver-
sus indirectly in the virus assembly process. It should be noted that Kaposi's sarcoma-
associated herpesvirus (KSHV), the other human gammaherpesvirus which also causes
cancer, uses Tsg101 for entry into the nucleus of endothelial cells (33). Thus, both can-
cer-causing human herpesviruses may be susceptible to drugs that target Tsg101.

Our results identify three prazoles that are in late-stage clinical trials or already in
clinical use for GERD as candidates for alternative use as inhibitors of EBV virion pro-
duction following lytic reactivation. In contrast to its use as a therapeutic for GERD,
where the gastric proton pump that is accessible to the drug at the cell surface is the
target, the antiviral activity of prazoles requires prodrug activation inside the cell (8).
Virus production dictates infection of new B cells and their unchecked proliferation
into life-threatening PTLD under T-cell-immunosuppressive conditions. Similarly,

July 2021 Volume 95 Issue 13 e02466-20

Intranuclear empty

capsids

(%)

2823833
ER-R-R-E- S e

DOX

Prazole

+

+

+

Journal of Virology

jviasm.org 7


https://jvi.asm.org

Mannemuddhu et al.

A Cc
1800 i 4500 . 6000 .
1600 . o S
@ E 1400 @ £ 3500 sy PN
w3 w 3 m < *
4 5 2 3000 lgémoo
S © 1000 S " 2500 35
=K z9 * Z o 3000
g2 800 2 2000 — 32
E @ 600 E @ 1500 gs 2000
wx wx X%
400 1000 e
200 500
0 0 0!

ZIR -+ + ZIR -+ o+ o+ ZIR -+ o+ o+
PPI(T) - - - + + PPI() - - - + + PPI(R) - - - + +
plasmid € & T T plasmid & TS o plasmid € & &S o

D E
1.200
%g 0.900 EV WT MT
14
Es os00 FLAG-Tsg101 :
2 - 1 0.7 |Tsg101/ GAPDH
o g 0300 GAPDH
e
0.000

siScram siTSG101

FIG 6 Prazoles inhibit Tsg101-facilitated viral egress. 293T-p2089 cells were exposed to Tsg101 siRNA and
empty vector (EV), wild-type (WT) or mutant (MT; C73A) Tsg101 plasmid, plasmids encoding BZLF1 (Z) and
BRLF1 (R) to activate the EBV lytic phase, and the prazole tenatoprazole (T), ilaprazole (I), or rabeprazole (R), as
indicated. DNase-treated culture supernatants were assayed at 72 h for EBV load using qPCR in panels A to C.
Knockdown of Tsg707 message was assayed by RT-qPCR (D), and expression of FLAG-tagged exogenous Tsg101
was assayed by immunoblotting using anti-FLAG antibody (E). *, P<<0.05. Error bars show SEM for technical
triplicates from a representative of two independent experiments.

chronic active EBV infection, a debilitating premalignant condition, also relies on the
EBV lytic phase. Both disorders could potentially benefit from prazole-mediated sup-
pression of EBV loads, particularly as a prophylactic against PTLD in the early posttrans-
plant period, when the risk of PTLD is the highest. FDA-approved prazoles are widely
used to treat acid reflux. Also, importantly, they are orally available and, given their
well-established safety and low-toxicity profiles, hold the promise of accelerated repur-
posing as antiviral agents.

MATERIALS AND METHODS

Cell lines. Cells of the EBV* Burkitt lymphoma cell line CLIX-FZ (18, 19) bearing a stably integrated
doxycycline-inducible BZLF1 open reading frame (ORF) were cultured in RPMI 1640 (Gibco) supple-
mented with 10% fetal bovine serum (Alphabioregen) and 1% penicillin-streptomycin (Gibco). A549 cells
and HEK293T-p2089 cells (human embryonic kidney cells bearing a wild-type EBV p2089 bacmid) were
cultured in F-12 medium (Gibco) and Dulbecco’s modified Eagle medium (DMEM) (Gibco), respectively,
supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin.

Compounds. Prazole compounds were purchased from Sigma, Toronto Research Chemicals, and
Selleck Chemicals. Stock solutions were prepared in dimethyl sulfoxide (DMSO) (100%) and stored in ali-
quots at —80°C for no longer than 2 months. Prazoles were used at the following concentrations: 40 uM
tenatoprazole (T), 10 uM ilaprazole (I), and 10 uM rabeprazole (R).

Induction of EBV lytic cycle. Twenty-four hours after subculture at 4 x 10° ml™", typically when in
logarithmic phase, CLIX-FZ cells were treated with doxycycline at 5 ug/ml to activate the EBV lytic phase.

Flow cytometry. For detection of cells with surface lytic antigens, doxycycline-treated CLIX-FZ
cells were stained as described previously (20). Briefly, 48 h after exposure to doxycycline, cells were
harvested and incubated (without fixing or permeabilizing) with reference EBV-seropositive or
EBV-seronegative human sera for 1h at room temperature. After three washes, cells were incubated
with fluorochrome-conjugated anti-human IgG for another hour at room temperature and subjected to
flow cytometry using an Attune NxT flow cytometer (Thermo Fisher). For intracellular staining of BALF5,
EA-D, and gp350, cells were fixed and permeabilized as described previously (34), followed by incuba-
tion with target-specific antibodies. Antibodies included rabbit anti-BALF5 antibody (MBS1494083;
MyBioSource), mouse anti-EA-D antibody (MAB8186; EMD), and mouse anti-gp350 antibody (72A1;
ATCCQ). Data were analyzed using FlowJo software (TreeStar). Analysis gates for flow cytometry were
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determined based on parallel staining with reference EBV-seronegative human sera or isotype control
antibodies. Pairwise comparisons were made between cells stained with EBV-seropositive and -seroneg-
ative sera incubated with various prazoles.

Quantification of EBV in cell culture supernatant. For quantifying released virus, cells were har-
vested 72 h after treatment with DMSO, doxycycline plus DMSO, or doxycycline plus prazoles (T, |, and R)
and separated into cell pellets and supernatant. Supernatants were filtered through a 0.45-um filter,
concentrated and treated with DNase as described previously (19), and evaluated by qPCR using primers
targeting EBV BamW, also described previously (35).

RT-gPCR. Reverse transcriptase real-time quantitative PCR (RT-qPCR) was performed using protocols
and primers described previously (35). Briefly, total RNA was isolated using an RNeasy kit (Qiagen) fol-
lowed by DNase digestion (Promega). RNA was quantitated using a NanoDrop instrument (Thermo
Scientific). RNA (1 ug) was converted to cDNA by using murine leukemia virus (MuLV) reverse transcrip-
tase (New England Biolabs). Relative transcript levels of selected viral genes were determined with gene-
specific primers by using Fast SYBR green master mix on a Quant Studio 3 thermocycler (Applied
Biosystems) and analyzed using the AAC; method. PCR primers included the following: BZLF1 forward
primer, TTCCACAGCCTGCACCAGTG; reverse primer, GGCAGAAGCCACCTCACGGT; BMRF1 forward primer,
ACCTGCCGTTGGATCTTAGTG; reverse primer, GGCGTTGTTGGAGTCCTGTG; and BLLF1 forward primer,
CATGCCGACAAACACCACAG; reverse primer, TTGCGTCCTCAGAAGTGACC.

Cell viability assay. To check cell viability, a water-soluble tetrazolium salt (WST-1) assay was per-
formed as described previously (19). Briefly, CLIX-FZ cells were treated with DMSO, doxycycline, or doxy-
cycline plus prazoles (T, | and R) at 3.3 x 10°ml~" (total, 1 million cells). Twenty-four hours later, cells
were seeded in a 96-well plate at 100 wl/well, 10 ul of WST-1 substrate (Sigma no. 5015944001) was
added per well, the mixture was incubated at 37°C for 2 h, and absorbance at 450 nm was measured and
quantified from each well. In a similar experiment, A549 cells were treated with DMSO and prazoles (T, |,
and R) in a 96-well plate; 24 h later, culture medium was changed with 300 ul of fresh F-12/K medium
mixed with 33 ul of WST-1 substrate. Two hours later, absorbance at 450 nm was measured.

Electron microscopy. For electron microscopy (EM), 3 million drug-treated CLIX-FZ cells were
resuspended in 8.5 ml RPMI in a 15 ml polypropylene tube followed by addition of 8 m| fixative solu-
tion. Fixative was prepared by mixing 2 ml EM-grade 16% paraformaldehyde aqueous solution (Fisher
Scientific supplier 15710; catalog no. AA433689M), 0.64 ml EM-grade 25% glutaraldehyde aqueous so-
lution (Fisher Scientific supplier 16220, catalog no. 100504-788), and 5.36 ml of PHEM buffer (Fisher
Scientific supplier 11162; catalog no. 50-193-1294). Cells in fixative were mixed by inverting the tube a
few times before transfer to the EM facility at room temperature. After several buffer washes, cells
were postfixed in 1% osmium tetroxide in cacodylate buffer, stained en bloc with 1% uranyl acetate,
and dehydrated in graded ethanol solutions. Samples were then embedded in EMbed 812 resin
(Electron Microscopy Sciences, Hatfield, PA). Ultrathin resin sections were cut and stained with uranyl
acetate and lead citrate. Electron microscopy was performed on a JEM 1200 electron microscope
(JEOL USA, Peabody, MA) with a bottom-mounted AMT XR-111 digital camera (Advanced Microscopy
Techniques Corporation, Woburn, MA).

siRNAs, plasmids, and transfection. To test the involvement of Tsg101 in egress of EBV, siRNA
targeting Tsg107 and FLAG-tagged wild-type or mutant Tsg101 (36) were introduced into HEK293T-
p2089 cells induced into the lytic phase by cotransfection of BZLF1 and BRLF1 plasmids. siRNA (target-
ing) directed against Tsg707 nucleotides 410 to 434 (5’ AGGACGAGAGAAGACTGGAGGTTCA) and
control scrambled siRNA were synthesized by Dharmacon. Upon reaching 80% confluence, cells were
reseeded in a 6-well plate at 0.3 x 10°/well in 2ml medium. In 2 to 3 days, when cells reached 50%
confluence, they were transfected via Lipojet (SignaGen laboratories). Seventy-two hours later, cells
were harvested for processing via RT-qPCR and immunoblotting, and supernatants were harvested for
measuring viral load by gPCR.

Immunoblotting. Cells were lysed for immunoblotting using radioimmunoprecipitation assay (RIPA)
buffer (50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 1% [vol/vol] NP-40, 1% [wt/vol] deoxycholate, 1 mM EDTA,
1x protease, and phosphatase inhibitor cocktail [catalog no. 5872; Cell Signaling Technology]). Cell
extracts were electrophoresed in 10% SDS-polyacrylamide gels and transferred onto nitrocellulose mem-
branes. Immunoblotting was performed using antibodies indicated in legend at company-recom-
mended concentrations and conditions.

Statistical analyses. An unpaired t test was used to compare the means of two groups of interest.
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