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Epstein—Barr virus (EBV) is a ubiquitous human y-herpesvirus that
establishes life-long infection and increases the risk for the devel-
opment of several cancers and autoimmune diseases. The mecha-
nisms by which chronic EBV infection leads to subsequent disease
remain incompletely understood. Lytic reactivation plays a central
role in the development of EBV-driven cancers and may contribute
to other EBV-associated diseases. Thus, the clinical use of antivirals
as suppressive therapy for EBV lytic reactivation may aid efforts
aimed at disease prevention. Current antivirals for EBV have
shown limited clinical utility due to low potency or high toxicity,
leaving open the need for potent antivirals suitable for long-term
prophylaxis. In the present study, we show that tenofovir diso-
proxil fumarate (TDF) and tenofovir alafenamide (TAF), drugs with
excellent safety profiles used clinically for HIV prevention, inhibit
EBV lytic DNA replication, with respective 1Cso values of 0.30 uM
and 84 nM. In a cell-based assay, TAF was 35- and 24-fold and TDF
was 10- and 7-fold more potent than acyclovir and penciclovir,
respectively, and TAF was also twice as potent as ganciclovir.
The active metabolite of tenofovir prodrugs, tenofovir-diphosphate,
inhibited the incorporation of dATP into a primed DNA template by
the EBV DNA polymerase in vitro. In contrast to acyclovir, treatment
of cells during latency for 24 h with TAF still inhibited EBV lytic DNA
replication at 72 h after drug was removed. Our results suggest that
tenofovir prodrugs may be particularly effective as inhibitors of EBV
lytic reactivation, and that clinical studies to address critical questions
about disease prevention are warranted.
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Epstein—Barr virus (EBV) is a double-stranded DNA y-her-
pesvirus that infects >90% of humans by adulthood, with cell
tropism for B cells and epithelial cells (1). While primary EBV
infection is typically self-limiting in children, it can become
pathogenic later in life. EBV causes infectious mononucleosis,
which is a significant cause of morbidity in adolescents and young
adults (1). In addition, molecular and epidemiologic studies have
established a causal role for EBV in the development of several
malignancies, accounting for at least 1.5% of the global cancer
burden (2). EBV infection is also strongly linked to autoimmune
diseases like multiple sclerosis (3). The mechanisms behind the
development of disease even years to decades following primary
infection are unclear, however.

Viral lytic reactivation from latency has been implicated in the
development of EBV-associated cancers. Animal models of EBV
lymphoma or lymphoproliferative disease demonstrate that lytic
replication-defective mutants are impaired for tumorigenesis (4,
5). Associations of cancer risk with markers of lytic reactivation
are also seen in human disease. Children with increased antibody
titers to the viral capsid antigen (VCA) are at increased risk of
developing Burkitt’s lymphoma (6). Similarly, antibody titers to
VCA are higher in individuals who develop EBV-positive gastric
carcinoma compared with controls (7). Elevations in antibodies

12368-12374 | PNAS | June2,2020 | vol. 117 | no.22

to Iytic and latent antigens precede the development of Hodgkin’s
lymphoma by several years and carry a threefold to fourfold
relative risk of disease (8). Increased IgA titers to VCA precede
the diagnosis of nasopharyngeal cancer by a mean of 3 y, and
rising antibody levels confer a 21-fold increased risk (9, 10).
Patients at risk for posttransplantation lymphoproliferative dis-
order (PTLD) have high viral loads (11). Intriguingly, pre-
emptive treatment with inhibitors of herpesvirus lytic DNA
replication has been reported to show possible efficacy for re-
ducing the incidence of PTLD (12). These studies suggest that
there exists a time window, often spanning several years before
the onset of disease, during which continuous suppressive anti-
viral therapy may aid in disease prevention.

Existing antiviral agents repurposed from the treatment of
other herpesviruses are problematic for long-term suppressive
therapy for EBV due to either low potency or high toxicity.
Acyclovir (ACV) and its prodrug valacyclovir (VACV), inhibi-
tors of herpesviral polymerases, are effective against herpes
simplex virus (HSV)-1 and -2. However, the half-maximal in-
hibitory concentration (ICsp) of ACV in vitro is significantly
higher for EBV than for HSV (13-15), and ACV has poor se-
lectivity for the EBV DNA polymerase compared with the HSV
DNA polymerase (16). VACV is considered safe for long-term
continuous treatment as suppressive therapy for HSV (17) but
has low potency against EBV. Ganciclovir (GCV) and its orally
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available prodrug valganciclovir (VGCV) are potent inhibitors of
EBV (13). However, these drugs are associated with significant
adverse effects, including severe hematologic toxicity, and carry
risks of carcinogenesis and mutagenesis (17). GCV and VGCV
are clinically effective for the treatment of cytomegalovirus
(CMV), but the toxicity of these drugs likely precludes their
continuous use over a period of several years as prophylaxis for
EBYV lytic reactivation.

Like ACV and GCV, tenofovir (TFV) is an acyclic nucleoside/
nucleotide analog (18). It is the primary metabolite of the pro-
drugs tenofovir disoproxil fumarate (TDF) and tenofovir alafe-
namide (TAF) (19), which are clinically licensed for the
treatment of HIV infection and hepatitis B infection and HIV
prophylaxis, where they act as inhibitors of the viral reverse
transcriptase. Both TDF and TAF are orally bioavailable drugs
with highly favorable safety profiles (20). A significant difference
between ACV and TFV lies in the initial phosphorylation step:
ACYV requires a viral kinase, while TFV does not, because it is a
monophosphorylated nucleotide (18). TDF and TAF contain
chemical modifications that mask the negatively charged phos-
phate group of TFV, allowing the drugs to reach higher in-
tracellular concentrations. In contrast to ACV, TFV prodrugs
are metabolized independently of viral enzymes to their active
form, tenofovir-diphosphate (TFV-DP) (19). Of the two pro-
drugs, TAF has better distribution into lymphoid tissues, in-
cluding lymphocytes, lymph nodes, and spleen (21).

In addition to targeting the HIV reverse transcriptase, TFV-
DP can inhibit the HSV-1/2 DNA polymerase (22). However,
TFV and TAF are weak inhibitors of HSV-1 with modest activity
against HSV-2 in vitro (23) and have not demonstrated clear
efficacy in clinical studies for HSV-2 (24). Here we show that
prodrugs of TFV—TDF and TAF—are highly potent inhibitors
of EBV lytic DNA replication and may be better suited for
suppressive therapy for EBV lytic reactivation.

Results

TDF and TAF Inhibit EBV Lytic DNA Replication. Since compounds
that have efficacy against a-herpesviruses (25, 26) can inhibit
EBV lytic DNA replication in vitro (13), we asked whether TFV
prodrugs can have antiviral activity against EBV. In the EBV*
HH514-16 cell line, a subclone of P3HR-1 cells selected for low
spontaneous EBV reactivation (27), we induced lytic EBV DNA
replication with sodium butyrate. After 96 h of butyrate treat-
ment, the average number of viral copies per genome was in-
creased by 128-fold (Fig. 14). We used the nucleoside analogs
ACV and GCV, two known inhibitors of EBV lytic DNA repli-
cation, as positive controls (13). At a concentration of 50 pM,
both ACV and GCV effectively suppressed lytic DNA replica-
tion, reducing the number of new viral copies produced
by >95.5% and >99.9%, respectively (Fig. 14). In line with
previous studies, GCV was more inhibitory than ACV (13). The
TFV prodrugs TDF and TAF also reduced the number of viral
copies produced after lytic induction, each by >99.9% (Fig. 14).

EBV DNA replication occurs both during the lytic cycle and
during latency but is mediated by distinct mechanisms during
each state. In latency, the EBV episome is replicated by the host
DNA replication machinery; however, lytic viral DNA replica-
tion is mediated by the viral replication machinery (1). To de-
termine whether the reduction in EBV copy number mediated by
TDF and TAF was specific to the lytic cycle, we also treated cells
with each drug in the absence of butyrate induction. We saw no
significant reduction in viral copy number at a 50 uM dose with
either drug during latency (SI Appendix, Fig. S14), supporting
roles for TDF and TAF specifically during lytic DNA replication.

We next asked whether the reduction in viral copies could be
due to general cytotoxicity of TDF and TAF. While lytic in-
duction with butyrate slightly reduced viability compared with
latency, we saw no significant additional reduction in viability
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Fig. 1. TDF and TAF inhibit EBV lytic DNA replication. (A) HH514-16 cells
were induced with 3 mM butyrate for 96 h and simultaneously treated with
the established anti-herpesvirus drugs ACV and GCV or the TFV prodrugs
TDF and TAF. EBV copies per genome were measured by qPCR after 96 h of
treatment at a 50 uM dose. Results were analyzed from three independent
experiments; each value shown. One-way ANOVA (P < 0.05) was followed by
multiple hypothesis testing between butyrate and each condition. Statistical
significance is highlighted by P values as follows: **P < 0.01. (B) Viability was
measured by trypan blue exclusion after 96 h. Results were analyzed from
four independent experiments; each value shown. One-way ANOVA (P <
0.05) was followed by multiple hypothesis testing between butyrate and
each condition. Statistical significance is highlighted by P values as follows:
*P < 0.05; ***P < 0.001.

during ACV or GCV treatment at a 50 pM dose compared with
butyrate alone (Fig. 1B). These drugs’ lack of toxicity may be due
in part to the absence of cellular proliferation after butyrate
treatment (SI Appendix, Fig. S2). We also observed no reduction
in viability with TAF treatment, but there was a decrease in vi-
ability with TDF (Fig. 1B). Unlike TAF, TDF is known to be
highly unstable in vitro in the presence of serum (23), leading to
cytotoxicity. To check whether the toxicity of TDF is specific to
cells in the lytic phase, we treated cells in the absence of butyrate
(81 Appendix, Fig. S1B). TDF-treated cells had reduced viability,
suggesting the toxicity of TDF is independent of lytic induction.
Thus, toxicity alone cannot account for the ability of TFV pro-
drugs to inhibit EBV lytic DNA replication.

TAF Is a Highly Potent Inhibitor of EBV Lytic DNA Replication in
Cell-Based Assays. TFV is classified as ineffective against EBV
(28), but TDF and TAF have not been previously tested. TFV is
also known to have poor intracellular uptake compared with
TDF and TAF and is less potent against HIV in vitro, with a 100-
and 1,000-fold higher ICs, respectively, compared with the two
prodrugs (21). We sought to determine whether HH514-16 cells
exhibit differential sensitivity to TFV compared with its pro-
drugs. In agreement with previously reported results (28), we
found TFV to have little effect against EBV DNA replication,
with an ICsy of ~100 pM (Fig. 24), while TDF was 300-fold more
potent than TFV (ICsq = 0.30 uM) and TAF was 1,200-fold more
potent than TFV (ICso, = 84 nM) (Fig. 24).

To rank drug potency in the context of established inhibi-
tors, we compared TFV prodrugs with standard anti-herpesviral
drugs. ACV, GCV, and penciclovir (PCV) are clinically licensed
for the treatment of a- and p-herpesviruses. These compounds
also have efficacy against EBV in vitro (13, 29). In direct com-
parison, TAF had a lower ICsy than GCV by 2-fold (0.16 uM),
PCV (2.0 pM) by 24-fold, and ACV (2.9 uM) by 35-fold
(Fig. 2B). TDF had a 7-fold lower ICs, than PCV and a 10-fold
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Fig. 2. TAF is a highly potent inhibitor of EBV lytic DNA replication in cell-based assays. HH514-16 cells were induced with 3 mM butyrate for 96 h and treated
with drugs over a range of concentrations. (A) TFV compared with the TFV prodrugs TDF and TAF. (B) TAF directly compared with the anti-herpesviral drugs
ACV, PCV, and GCV. Each point represents the mean and SD obtained from three independent experiments. Dose-response curves (black lines) were gen-

erated by four-parameter logistic regression analysis.

lower 1Csoy than ACV. Thus, both TDF and TAF were more
potent than standard a-herpesviral drugs.

Since TDF and TAF are metabolized by cellular enzymes to
their active form, we asked whether these drugs might be se-
lective for viral DNA replication. The cytotoxic concentration
required to inhibit total cell viability during latency by 50%
(CCsp) was 180 pM for TAF and 40 uM for TDF (SI Appendix,
Fig. S3), a 2,000-fold and 133-fold difference , respectively,
compared with the ICs, for inhibition of EBV lytic DNA repli-
cation. Therefore, TFV prodrugs were selective for EBV
replication.

TAF Acts Downstream of Induction to Block EBV Lytic DNA
Replication. We first asked whether TAF could block lytic in-
duction. To make direct comparisons between TAF and other
anti-herpesviral drugs, we standardized the concentration of
each drug to the dose required to inhibit 95% of EBV lytic DNA
replication (ICys) at 96 h: 2.5 pM for TAF, 62.5 pM for ACV,
and 5 uM for GCV. We examined protein expression of the viral
early antigen Ea-D by Western blot analysis after 72 h of drug
treatment. Ea-D expression was not affected by TAF treatment,
suggesting that TAF was not blocking induction (Fig. 3A4).
Consistent with this view, when we added TAF late (24 h) after
lytic induction and measured viral copy number at 96 h after
drug addition, we saw a similar decrease in lytic DNA replication
as when the drug was added early (0 h), further suggesting that
TAF acts downstream of induction (Fig. 3B).

TAF Inhibits Transcription of Late Lytic Viral Genes. We hypothesized
that TAF might be directly blocking viral DNA replication.
During vy-herpesviral lytic DNA replication, continuous DNA
synthesis is required for the transcription of late lytic viral genes,
but not for early lytic genes (30). We measured levels of six late
Iytic viral transcripts—BVRF1, BVRF2, BILF2, BDLF1, BDLF2,
and BcLF1—and six early lytic viral transcripts—BMRF1, BaRF1,
BALF2, BGLF4, BALFS, and BBLF2/3 (31)—after 72 h of drug
treatment. Expression of all six late lytic viral genes decreased with
TAF treatment at ICys by more than 10-fold (Fig. 4B); however,
five of the six early viral transcripts were only minimally altered by
TAF treatment (less than twofold change) (Fig. 44). We obtained
the same patterns of gene expression during ACV and GCV
treatment (SI Appendix, Fig. S4), suggesting that TAF may act by a
similar mechanism.
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TFV-DP Inhibits the EBV DNA Polymerase by Competing with dATP.
Since herpesviral DNA polymerases contain motifs conserved
across subfamilies (32), we investigated whether TFV prodrugs
can inhibit the EBV DNA polymerase. To do so, we carried out
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Fig. 3. TAF acts downstream of induction to block EBV lytic DNA replica-
tion. (A) HH514-16 cells were induced with 3 mM butyrate in the presence of
drugs at the ICgs. Total protein was collected at 72 h and stained for the early
viral antigen Ea-D or p-actin by Western blot. Results are shown from one
experiment representative of three independent experiments. (B) HH514-16
cells were induced with 3 mM butyrate in the presence of drugs at the 1Cgs.
Drugs were added at either 0 h or 24 h following butyrate addition, and the
number of EBV copies per genome was quantified by qPCR. Results were
analyzed from three independent experiments; each value shown. One-way
ANOVA (P < 0.05) was followed by multiple hypothesis testing between
butyrate and each condition at time 0 or 24 h. Statistical significance is
highlighted by P values as follows: **P < 0.01.
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A 6 early lytic B 67 late lytic Bth. BAL'FS and BMRF1 were r;quired for viral polymerase
activity (Fig. 5B), as reported previously (32).
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Fig. 4. TAF inhibits transcription of late lytic viral genes. HH514-16 cells
were induced with 3 mM butyrate and treated with TAF (2.5 uM) or no drug.
Total RNA was collected at 72 h and used to measure the expression of six
early (A) and six late (B) lytic genes by RT-qPCR. Gene expression was nor-
malized to the housekeeping gene HPRT1. Each column represents the mean
and SD obtained from three independent experiments.

in vitro polymerase assays. The EBV polymerase catalytic sub-
unit (BALF5) and processivity factor (BMRF1) were produced
using a transcription/translation system in rabbit reticulocyte ly-
sates. Protein expression was confirmed by gel electrophoresis
(Fig. 54). Polymerase assays were performed by measuring the
incorporation of [3H]dNTPs into activated calf thymus DNA.

generated from the mean inhibition of DNA replication after
40 min. We observed that GCV-TP was the most potent inhibitor
of the EBV DNA polymerase (Fig. 5F). Compared with GCV-
TP (ICsp = 0.65 pM), TFV-DP was 5-times less potent (ICsy =
3.4 uM) and ACV-TP was 13-times less potent (ICso = 8.6 pM)
(Fig. 5F).

We then asked whether TDF and TAF at standard clinical
doses could reach intracellular concentrations of TFV-DP that
are relevant for inhibition of EBV. We used the reported values
of TFV-DP concentrations in peripheral blood mononuclear
cells (PBMCs) in human subjects following directly observed
daily treatment with TDF (median, 71 fmol/10° cells; IQR, 53 to
97 fmol/10° cells) or TAF (median, 685 fmol/ 10° cells; IQR, 566
to 751 fmol/10° cells) (33), and the reported mean corpuscular
volume of PMBCs (2829 fL) (36). From these values, we
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Fig. 5. TFV-DP inhibits the EBV DNA polymerase by competing with dATP. (A) The EBV polymerase catalytic subunit (BALF5) and processivity factor (BMRF1)
were cloned into the pcDNA3.1+ vector and produced using a transcription/translation system in rabbit reticulocyte lysates. Protein expression was confirmed
using a fluorophore-labeled lysine-charged tRNA, followed by gel electrophoresis and imaging. (B) In vitro polymerase assays were performed by measuring
the incorporation of 1 uM [*H]dGTP into activated calf thymus DNA during a 40-min reaction, followed by DEAE filter-binding and scintillation counting. Each
column represents the mean and SD of cpm obtained from three independent experiments. (C-E) ACV-TP (C) and GCV-TP (D) were added to reactions
containing 1 uM [3H]dGTP from 0 to 50 pM. TFV-DP (E) was added to reactions containing 1 yM [*H]dATP from 0 to 50 pM. Every 5 min, aliquots were removed
and quenched with EDTA. The cpm values were normalized to maximum counts obtained at 40 min. Results were analyzed from two independent exper-
iments; each value shown. (F) Dose-response curves were generated from mean inhibition of dATP or dGTP incorporation at 40 min by five-parameter logistic
regression analysis. (G) Effective doses were calculated from reported concentrations of TFV-DP in PBMCs during directly observed daily therapy with TDF or
TAF (*ref. 33). Black lines represent the median and IQR. Effective inhibitory concentrations (red lines) were calculated using the ECso and Hill slope from the
best-fitted line generated for TFV-DP in F.
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calculated that the concentration of intracellular TFV-DP in
PBMC:s following TAF treatment would reach a concentration
needed to block ~40% of DNA replication (EC4y) mediated by
the EBV polymerase after 40 min in our in vitro assay (Fig. 5G).
Intracellular concentrations of TFV-DP in PBMCs on daily TDF
treatment may be less effective (Fig. 5G).

We performed similar assays using the HSV-1 polymerase
catalytic subunit UL30 (SI Appendix, Fig. S5). The 1Cso of TFV-
DP for EBV was 1.3-fold higher than the ICsy, of ACV-TP for
HSV-1 (ICsg = 2.6 uM), suggesting that TFV-DP for EBV is
comparable to ACV-TP for HSV-1 as an inhibitor of the EBV
DNA polymerase.

TAF, but Not ACV, Is Effective Even when Treatment Precedes Lytic
Induction. The intracellular metabolism of TAF is well established.
In lymphocytes, TAF is first cleaved to TFV by the lysosomal
enzyme cathepsin A (CTSA) and subsequently phosphorylated by
AMP kinase and nucleotide diphosphate kinases to TFV-DP (37).
Since neither HIV nor hepatitis B encodes a viral kinase, the
metabolism of TAF is mediated by the host. Conversely, ACV
requires a viral enzyme, the EBV protein kinase BGLF4, for
antiviral activity (13). The requirement of a virus-encoded kinase
is thought to provide more specificity and thus decreased toxic-
ity (38); however, TFV-class drugs bypass the requirement for
a viral kinase and yet still show a highly favorable safety
profile (20).

Since TAF is metabolized by CTSA, we hypothesized that it
might be possible to pretreat cells before lytic induction. We
confirmed protein expression of CTSA during both latency and
Iytic induction (SI Appendix, Fig. S6). We then added either TAF
or ACV at the ICys for 24 h. Before butyrate induction, drug was
washed away until the final supernatant did not inhibit Iytic DNA
replication in cells unexposed to drug (Fig. 6B). After removing
extracellular drug, TAF-treated cells were minimally permissive
to lytic viral DNA replication, even after 72 h, but pretreatment
of cells with ACV showed no effect (Fig. 64). This suggests that
host metabolism of antiviral drugs confers the advantage of being
able to initiate treatment before the lytic cycle.
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Discussion

EBYV infection is associated with subsequent risk for the devel-
opment of both cancers and autoimmune diseases (2, 3); how-
ever, there exists a delay of years to decades between primary
EBV infection and onset of diseases associated with EBV.
Subclinical lytic reactivation may contribute to the risk for EBV-
associated diseases (6-10), and thus clinical interventions with
antiviral agents may be effective in disease prevention. Here we
show that the TFV prodrugs TDF and TAF are highly potent
inhibitors of EBV lytic DNA replication. In cell-based assays, we
demonstrate that TDF and TAF are significantly more potent
than ACV and PCV. TAF is also more potent than GCV. Fur-
thermore, we provide strong evidence suggesting that, like
standard herpesviral drugs, these compounds target the EBV
DNA polymerase.

While standard herpesviral drugs have activity against EBV
in vitro, they are limited in their clinical utility by either low
potency or high toxicity. ACV is a weak inhibitor of EBV. In cell-
based assays, the reported 1Csy of ACV for wild-type EBV
ranged from 4.1 to 10 pM (13, 14), significantly higher values
than seen for clinical isolates of HSV (0.084 to 0.34 pM) (15),
and strains of HSV with an ICs, above 8.8 to 13.2 pM have been
classified as clinically resistant (39, 40). Previous studies have
shown that ACV-TP is a weaker inhibitor of the EBV DNA
polymerase compared with the HSV-1 DNA polymerase (16). In
line with this, ACV is not effective in animal models using the
related pathogen murine y-herpesvirus-68, where its in vitro ICsg
is comparable to that of EBV and where more potent com-
pounds demonstrate the capacity to achieve dramatic effective-
ness (41). In a pilot study, VACV demonstrated a modest
reduction in the number of symptoms reported and the severity
of infectious mononucleosis (42). While VACV can reduce
shedding of EBV in saliva (42) and ACV is effective in EBV-
driven oral hairy leukoplakia (1), both of these responses reflect
processes occurring in epithelial cells. Lymphocytes contain
higher dNTP concentrations than other nondividing cells (34),
and thus EBV-infected B cells may be intrinsically more resistant
to ACV.

GCV and its orally available prodrug VGCV are more potent
inhibitors of EBV than ACV (13). However, a major limitation
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Fig. 6. TAF, but not ACV, is effective even when treatment precedes lytic induction. (A) HH514-16 cells were treated with ACV (62.5 uM), TAF (2.5 pM), or no
drug for 24 h in the absence of butyrate, after which cells were washed five times with fresh medium without drug. After the final wash, cells were
resuspended at a concentration of 4 x 10° cells/mL in medium containing 3 mM butyrate. Genomic DNA was removed for measurements of EBV copy number
every 24 h. Each point represents the mean and SD obtained from three independent experiments. Two-way ANOVA (P < 0.05) was followed by multiple
hypothesis testing between butyrate and each drug. Statistical significance is highlighted by P values as follows: **P < 0.01. (B) After the final wash, a sample
of the butyrate-containing supernatant was removed, filtered, and tested for inhibitory activity in cells previously unexposed to drug. Each point represents
the mean and SD obtained from three independent experiments. Two-way ANOVA was performed (P > 0.05).
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to extended clinical use of these drugs is toxicity. GCV and
VGCV carry warning labels for hematologic toxicity, impaired
fertility, fetal toxicity, mutagenesis, and carcinogenesis (17). In a
recent study examining the tolerability of VGCV for CMV
prophylaxis in pediatric kidney transplant recipients for a maxi-
mum of 6.5 mo, the rate of severe neutropenia was 30.4% (43).
The range of potential adverse events associated with long-term
use of VGCV poses a significant challenge for extended clinical
treatment.

In contrast, TFV prodrugs are compounds that are both highly
potent against EBV (as we demonstrate in this study) and have
highly favorable safety profiles. In a 3-y clinical trial evaluating
TDF as preexposure prophylaxis (PrEP) for HIV, there were no
significant differences in the risk of clinical or laboratory adverse
events compared with placebo (44). TAF shows a similar safety
profile as TDF (20). To date, more than 200,000 patients have
been prescribed PrEP without any reports of serious toxicity
(45). As they are both potent and safe, these drugs answer a
clinical need for EBV antivirals that can be used for continuous
treatment as suppressive therapy for lytic reactivation.

TFV prodrugs are distinguished by host-mediated drug me-
tabolism. This permits treatment during latency, which is rele-
vant for lymphocyte trafficking to a compartment that contains
lower drug concentrations, such as blood to cerebrospinal fluid
(46). Furthermore, global measurements of intracellular con-
centrations of TFV-DP in vivo at steady state (47) can be used
for dose monitoring and correlation with clinical effects. TDF
and TAF also address issues of EBV cell tropism, since TAF is
metabolized by CTSA, an enzyme preferentially expressed in
lymphoid tissues and PBMCs (21), while TDF reaches higher
concentrations of TFV-DP in epithelial tissues (48). Combina-
tion antiviral therapy may be warranted.

Patients being treated with TFV prodrugs for PrEP provide an
excellent preliminary study cohort for evaluation of EBV viro-
logic parameters, such as viral load and antibody titers, as well as
epidemiologic studies to investigate the incidence of EBV-
associated diseases. A recent study in HIV-positive patients
treated predominantly with TFV-based combination anti-
retroviral therapy showed a significant decrease (>16-fold) in
EBYV viral load in PBMCs after 96 wk of treatment (49). As HIV
is a confounding variable in this association, HIV-negative PrEP
users represent an ideal cohort for establishing the potential ef-
fectiveness of TFV prodrugs against EBV in immunocompetent
persons.

Overall, our study has evaluated candidate drugs that may
serve as effective and safe antiviral agents for EBV. Studies
demonstrating an increased risk of cancers and autoimmune
diseases after EBV infection pinpoint EBV as a significant
contributor to disease. Our results suggest that TDF and TAF
are potent inhibitors of EBV lytic reactivation, raising the
question as to whether these drugs could reduce the burden of
disease linked to EBV.
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Methods
The methodology used in this study is described in more detail in S/ Appendix.

Lytic Induction and Drug Treatment. The EBV* HH514-16 cell line was a kind
gift from George Miller’s laboratory at Yale School of Medicine. Cells were
seeded at a concentration of 4 x 10° cells/mL in RPMI-10% fetal bovine se-
rum supplemented with penicillin (100 U/mL), streptomycin (100 pg/mL), and
Amphotericin-B (1 pg/mL). Sodium butyrate (Sigma-Aldrich) was used to
induce EBV lytic DNA replication at a concentration of 3 mM. TFV disoproxil
fumarate (Sigma-Aldrich), TFV alafenamide (Selleck Chemicals), ACV
(Sigma-Aldrich), ganciclovir (Sigma-Aldrich), and penciclovir (Selleck Chem-
icals) were added at the concentrations and time points indicated in the text.
Working solutions of drugs were dissolved in dimethyl sulfoxide (DMSO); for
all experiments, the final concentration of DMSO was <0.1% (vol/vol).

Recombinant EBV DNA Polymerase Assays. The EBV DNA polymerase subunits
BMRF1 and BALF5 were separately cloned by PCR from HH514-16 genomic
DNA into a pcDNA3.1+ vector. Recombinant proteins were expressed using
the Promega TnT T7 Coupled Reticulocyte Lysate System according to the
manufacturer’s instructions. Protein expression in reticulocyte lysates was
validated using the FluoroTect Greenlys in vitro translation labeling system
(Promega), gel electrophoresis, and fluorescence imaging using an Amer-
sham Typhoon 9400 scanner (GE Healthcare Life Sciences). The recombinant
polymerase proteins in reticulocyte lysates were then desalted using PD-10
Sephadex-G25 columns to remove any potential interfering salts or nucle-
otides present in reticulocyte lysates. Polymerase assays were set up as fol-
lows in a total volume of 100 pL on ice: 50 mM Tris-HCI pH 7.5; 100 mM
ammonium sulfate (Sigma-Aldrich); 50 pg/mL BSA (Sigma-Aldrich);, 1 mM
DTT (Sigma-Aldrich); 3 mM MgCl, (Sigma-Aldrich); 10 pg/mL activated calf
thymus DNA (GE Healthcare Life Sciences); 100 uM nonlimiting dNTPs (New
England BiolLabs); 1 pM limiting 3H-dNTP (dGTP for ACV-TP/GCV-TP or dATP
for TFV-DP) (Moravek); 0 to 50 uM ACV-TP (Moravek), TFV-DP (Moravek),
and GCV-TP (TriLink BioTechnologies); and 10 pL of reticulocyte lysate
(desalted) containing both recombinant EBV polymerase proteins mixed at a
1:1 ratio. Reactions were incubated at 37 °C for 40 min in a heating block.
Aliquots (10 pL) were removed every 5 min, mixed with 5 pL of ethyl-
enediaminetetraacetic acid (EDTA) (200 mM), and incubated on ice to stop
the reaction. Reactions (7 pL) were spotted on DEAE anion-exchange filter
paper (PerkinElmer) and dried for 10 min. Filters were washed twice with 5%
(wt/vol) dibasic sodium phosphate for 5 min and water for 5 min, then rinsed
with ethanol. Filters were allowed to dry for 10 min and then added to
10 mL of Ultima Gold Scintillation Mixture (PerkinElmer) and counted on a
Beckman LS6000 Scintillation Counter. All values were normalized to maxi-
mum counts observed with no drug at 40 min. Dose-response curves for
inhibition of DNA replication by the EBV polymerase were fit by a five-
parameter logistic regression model using GraphPad Prism 8 software, and
ECso measurements were calculated by the software using best-fit values.
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