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Abstract

BK polyomavirus (BKPyV) is a known kidney tropic virus that has been detected at high levels in
HIV-associated salivary gland disease (HIVV-SGD), one of the most important AIDS associated
oral lesions. BKPyV has been detected in HIVV-SGD patient saliva and replicates in salivary gland
cells in vitro. BKPyV antivirals are currently in wide use to guard against BKPyV mediated organ
rejection in kidney transplant recipients. The goal of this study was to investigate the inhibitory
effects of three such antiviral agents, ciprofloxacin, cidofovir, and leflunomide in BKPyV infected
salivary gland cells. Human salivary gland cells, and Vero cells, were infected with BKPyV,
treated with antiviral drugs and assessed for BKPyV gene expression and viral replication for up
to 5 days post infection. The kinetics of BKPyV replication were different in salivary gland cells
compared to kidney cells. Ciprofloxacin and cidofovir had minimal effect on metabolic activity
and host cell DNA replication, however, cell toxicity was detected at the protein level with
leflunomide treatment. Ciprofloxacin decreased BKV T Ag and VP1 mRNA expression by at least
50% in both cell types, and decreased T Ag protein expression at days 3 and 4 post infection. A
2.5 — 4 log decrease in intracellular DNA replication and a 2 — 3 log decrease in progeny release
were detected with ciprofloxacin treatment. Cidofovir and leflunomide also inhibited BKPyV gene
expression and DNA replication. The three drugs diminished progeny release by 30-90% and 2 —
6 fold decreases in infectious virus were detected post drug treatment by fluorescence focus assay.
Additionally, three clinical BKPyV isolates were assessed for their responses to these agents in
vitro. Cidofovir and leflunomide, but not ciprofloxacin treatment resulted in statistically
significant inhibition of BKPyV progeny release from salivary gland cells infected with HIVV-SGD
BKPyV isolates. All three drugs decreased progeny release from cells infected with a transplant
derived viral isolate. In conclusion, treatment of human salivary gland cells with each of the three
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drugs produced modest decreases in BKPyV genome replication. These data highlight the need for
continued studies to discover more effective and less toxic drugs that inhibit BKPyV replication in
salivary gland cells.
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INTRODUCTION

BK virus (BKPyV) belongs to the polyomavirus family and is ubiquitous in the human
population (1). BKPyV infection typically occurs during childhood, is mostly asymptomatic
and followed by a state of non-replicative infection in various tissues, with the urogenital
tract as the principal site (2). In the setting of relative or absolute cell-mediated
immunosuppression, dramatic increase in BKPyV viral replication occurs, resulting in the
lytic destruction of infected uroepithelial cells, which in turn induces the influx of
inflammatory immune cells (3). Destruction of kidney cells most often occurs in 5-8% of
kidney transplants resulting in organ loss in half of these cases and is termed BKPyV-
associated nephropathy (BKPyVN) (4) (5-7). BKPyV is also the cause of BKPyV-
associated hemorrhagic cystitis which occurs in over 10% of bone marrow transplant
recipients (8, 9). BKPyV-associated disease incidence is increasing as a result of the
growing number of immunocompromised patients, including transplant and HIV patients,
and development of more potent immunosuppressive drugs.

Currently there is no FDA approved antiviral drug to treat BKPyV infections despite its
importance in transplant and immunocompromised patients. Several in vitro and in vivo
studies however, have been performed to test for their efficacy against BKPyV including
cidofovir, CMX001, leflunomide, ciprofloxacin, and lactoferrin (10-16). All of these drugs
are effective against other DNA viruses including hepadnaviruses, herpesviruses,
adenovirus, papillomavirus, polyoma- and poxviruses (9, 17-20) but have shown mixed
results against BKPyV, both in vitro and in vivo in kidney cells (13, 14, 21, 22).
Ciprofloxacin (CPRO) is a synthetic antibiotic of the fluoroquinolone drug class.
Ciprofloxacin’s antibacterial activity functions by inhibiting type 11 and IV topoisomerases
and has been shown to inhibit T antigen helicase activity (20). Cidofovir (CDV) is a
nucleoside analog that inhibits viral DNA polymerase activity, however BKPyV does not
encode for a DNA polymerase. CDV has been shown to inhibit BKPyV activity in vitro in
human embryonic lung fibroblast cells (WI1-38) (12) and in primary human renal proximal
tubular epithelial cells (RPTECS) (14). In RPTECs, CDV inhibited BKPyV replication but
also decreased host cellular DNA replication and metabolic activity (14). Although CDV has
shown in vitro activity against BKPyV, there are conflicting reports of in vivo activity (23,
24). In addition, CDV has been shown to be nephrotoxic and must be given intravenously.
Most recently, CMX001, a hexadecyloxypropyl lipid conjugate of CDV has been shown to
inhibit polyomaviruses JCV and BKPyV in human kidney and brain progenitor-derived
astrocytes (11, 25). Leflunomide (LEF) is an anti-inflammatory drug known to inhibit
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dihydroorotate dehydrogenase, tyrosine kinase and pyrimidine synthesis (12). LEF has been
approved to treat rheumatoid arthritis and has shown activity against cytomegalovirus and
herpesvirus with conflicting reports against BKPyV (13, 26, 27).

We have previously shown that BKPyV DNA can be detected at high levels in the saliva of
HIV patients diagnosed with salivary gland disease compared to patients without the disease
(28-30). HIV-associated salivary gland disease (HIV-SGD) has been universally established
as one of the most important AIDS-associated oral lesions. Oral lesions are important
clinical indicators for HIV/AIDS, indicating clinical disease progression and predicting
development of AIDS (31). In developing countries the incidence of HIV-SGD has been
reported to be as high as 48% among HIV-1 infected patients (32). Importantly, in 1-2% of
HIV-SGD patients, malignant lymphomas have been described in association with their
glandular lesions, making HIV-SGD a premalignant lesion (33, 34). We have shown that
BKPyV can productively infect salivary gland cells in vitro model described by Jeffers et al
(28, 30). Further, our group has shown that the BKPyV in HIV-SGD has a non-coding
control region that is distinct from archetype. The OPQPQQS architecture is consistently
detected in throat wash samples of HIV-SGD positive samples (30) unlike the OPQRS
archetype that is often detected in kidney derived BKPyV. It has been determined that the
replication kinetics of BKPyV in salivary gland cells differ compared to kidney cells (28—
30).

Assays to test anti-BKPyV drugs have previously been performed in kidney or lung cells
(12, 35, 36). Noting the importance of BKPyV in HIV-SGD and the detection of efficient
BKPyV replication in salivary gland cells in vitro (28, 29), it is imperative that an in vitro
drug screen against BKPyV replication in human salivary gland cells be tested to identify
effective viral targets for drug treatment for salivary gland derived BKPyV. The aim of this
study was to investigate the effect of three drugs, ciprofloxacin, cidofovir and leflunomide
on BKPyV replication in human salivary gland cells, using the previously described
BKPyV-infected salivary gland in vitro culture system (28), the primary target cells in HIV-
SGD.

MATERIAL AND METHODS

Subjects, sample collection and cell culture

HIV-SGD patients were recruited from UNC hospitals dental clinic to participate in the IRB
approved study, where throat wash was collected from patients for viral detection and
isolation. Urine from a lung transplant patient was kindly donated by Dr. Volker Nickeleit
for viral detection and isolation of BK virus. HSG cells, an epithelial cell line from human
submandibular salivary gland (37), were obtained as a gift from Dr. B. Baum (NIH) and
cultured in McCoy’s 5A medium (Sigma). African kidney monkey cells or Vero cells
(American Type Culture Collection [ATCC]) were also cultured in DMEM (Sigma). All cell
types were grown in medium supplemented with 10% fetal bovine serum (FBS) (Sigma),
unless otherwise stated and 1% penicillin-streptomycin (pen/strep) (Gibco) and maintained
in a humidified 37°C CO, chamber. BKPyV Gardner strain was obtained from ATCC
(VR-837).
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Whole Genome BKPyV Cloning

BKPyV VP1 gene forward (BKPVWGF; 5’-GCGGGATCCAGATGAAAACCTTAGG-3’)
and reverse primers (BKPyVWGR; 5’-GCGGGATCCCCCATTTCTGG-3’) including the
naturally occurring BamH1 restriction fragment recognition sites were used to amplify the
whole genome (wg) of BKPyV via PCR from throat wash of HIVSGD patients, and the
urine of a lung transplant patient using the Expand Long Range dNTPack (Roche) as
described by manufacturer. Amplified wg BKPyV products were purified by QIAquick PCR
Purification Kit (QIAGEN) as described by manufacturer. Purified wg BKPyV DNA was
cloned via the TOPO TA Cloning Kit (Invitrogen) as described by manufacturer. Constructs
were isolated via QIAfilter Plasmid Midi Kit (QIAGEN) post-24hrs incubation of bacterial
cells for clone DNA amplification at 37 °C.

Infection and drug treatment

Ciprofloxacin (Sigma), Leflunomide/A771726 (Calbiochem) and Cidofovir (Gilead) were
dissolved to 150ug/ml, 20ug/ml and 40ug/ml, respectively in McCoy’s 5A medium. HSG
cells were infected at about 50% confluence with 64 HAUs of BKPyV as described by
Jeffers et al. (28). As previously described by Jeffers et al, HSG cells were infected with
BKPyV or supernatant from BKPyV-infected cells for 24h for optimal viral entry (28). At
24h post infection virus was removed from the culture medium, washed with 1x PBS and
replaced with fresh medium with or without drug. At various times post infection the cell
monolayers or supernatant were further processed for IFA, protein, RNS or DNA isolation,
as described below.

Cell viability and cell proliferation assay

The mitochondrial metabolic activity was monitored by the colorimetric WST-1 assay
(Roche), measuring the reduction of the tetrazolium salt WST-1 by mitochondrial
dehydrogenases. DNA synthesis was quantified by the colorimetric measurement of
bromodeoxyuridine (BrdU) incorporation into DNA using the cell proliferation enzyme-
linked immunosorbent assay (ELISA) BrdU kits (Roche). Both tests were performed in fresh
medium with or without BKPyV Gardner in the presence or absence of drug at 3, 4 and 5
dpi.

RNA isolation and real-time RT-PCR amplification

Total RNA was extracted using TRizol (Invitrogen) as described by the manufacturer.
Contamination DNAs were removed by use of RQ1 DNase kit (Promega) as described by
the manufacturer. cDNA was generated using 20ug RNA, random primers and the
SuperScript™ Il Reverse Transcriptase (RT) Kit (Invitrogen) as described by the
manufacturer. A non-RT enzyme reaction was performed for each sample as a negative
control for cDNA synthesis. cDNA was then subjected to real-time PCR analysis using
Roche LightCycler 480 Syber Green | Master Mix as a detector in the Roche Light Cycler
480. Primers for T Ag and VVP1 were previously described in Dana et al (38) and Ding (39)
et al, respectively. Gene expression values were normalized to the levels of B-actin
transcripts, using the 2~ AAC(T) method, and are presented as the changes (n-fold) in T Ag
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and VP1 transcript levels, with the levels in BKPyV only (on drug) samples arbitrarily set to
1.

Fluorescent Focus Assay

Vero cells (50% confluence) were infected with supernatant from drug-treated BKV-
infected HSG cells for 4 days. Vero cells were then fixed in 50:50 methanol-acetone, air
dried, and stored at —80°C overnight. Cells were rehydrated with 1x phosphate-buffered
saline (PBS) for 10 mins, followed by overnight incubation with anti-JC/BK polyomavirus
primary antibody NCL JCBK (Novocastra, Leica) at a 1:10 dilution in PBS at 4°C. The
secondary antibody, goat anti-mouse-Alexa Fluor 488 (Life Technologies) conjugate at a
1:100 dilution in PBS, was added for 1h at RT after the cells had been washed twice with 1x
PBS. Cells were washed with PBS prior to addition of DAPI (4’,6-diamidino-2-
phenylindole)-DNA stain (1:10,000) and fluorescence microscopy analysis (Olympus 1X81).
BKPyV-infected cells were counted at a x20 magnification for a minimum of 10 fields per
dish, and FFU were calculated as described in reference (40). FFU values were graphed for
each treatment and are depicted as FFU/ul.

Immunoblotting

Total cell protein was extracted using RIPA buffer. Protein concentration was determined
using the BioRad protein assay, and equal amounts of protein were electrophoresed on a 4—
12% Bis-Tris polyacrylamide minigel (Invitrogen). PAb416 (1:200) (Genetex) in 5%
NFDM/PBS-T was used to detect T Ag expression and Actin (C-11)-R sc-1615-R (1:1000)
(Santa Cruz Biotechnology) in 1%BSA/TBS-T for actin expression. After washing in PBS/
TBS-T, blots were probed with a horseradish peroxidase-conjugated secondary antibody
(1:10,000) (Promega). Antibody complexes were detected using SuperSignal West Pico
Chemiluminescent substrate (Thermo scientific) and exposed to film (Kodak).

Detection of DNase resistant viral particles

The detection of infectious virus being released from HSG cells were performed by
collecting HSG cell supernatant at stated times post infection. To degrade free DNA not
encapsidated within virions, supernatant was treated with 250U DNase (Promega) or PBS
for 15 min at 56°C, followed by enzyme inactivation at 65°C for 10 min. To release viral
DNA (vDNA) from capsids, proteinase K was used as described in the blood and body fluid
spin protocol of the Ql1Aamp DNA blood minikit (QIAGEN). DNA was eluted in 200 pl of
sterile water. Levels of viral DNA was determined using primers for T Ag and/or VP1 in
quantitative real time PCR as described above. A plasmid, pBKPyV containing the entire
genome of BKPyV, a gift from Volker Nickeleit (UNC-CH) was used to derive standard
curves for viral DNA quantitation.

Determination of effective and cytotoxic concentrations

Data for the extracellular BKPyV DNA load and BrdU incorporation in the presence of
increasing drug concentrations were expressed as percent inhibition for both uninfected and
infected HSG cells. CC50 and EC50 curves were plotted using the non-linear regression
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curve fitting in GraphPad Prism. The respective selectivity index (SI) was obtained by
determining the CC50/EC50 ratios.

Kinetics of BKPyV replication in salivary gland cells are distinct from kidney cells

While BKPyV tropism is known to be nephrotropic (2), recent studies from our group have
shown that BKPyV can replicate permissively in the salivary gland (28, 30). BKPy viral
kinetics have been shown to be different in kidney cells compared to salivary gland cells
(28). To directly compare kinetics of replication, data acquired in RPTE cells (41) was
plotted with data acquired in salivary gland cells. Figure 1 shows that a significant increase
in extracellular viral load occurred at 3.5 dpi (28) compared to kidney (RPTE) cells which
occurred after only 1 dpi (28, 41) (Figure 1). As such, days 3 through 5 which exhibited
significant replication in salivary gland cells were used in the experiments that followed.

Effect of Cidofovir, Ciprofloxacin and Leflunomide on salivary gland cell proliferation and

viability

Salivary gland cells (HSG) were treated with three known drugs that have demonstrated
inhibition of BKPyV replication in kidney cells, CDV, CPRO and LEF. The metabolic
activity of these drugs had not been previously assessed in salivary gland cells, to investigate
this, HSG cells were drug-treated in the presence or absence of BKPyV infection. Host cell
DNA replication and metabolic activity were measured using BrdU incorporation and
WST-1 assays at increasing concentrations of each drug (Figure 2 A, B, C). As determined
by BrdU incorporation, each drug reduced host cell DNA replication in a concentration-
dependent manner (grey bars). Previous experiments using these drugs against BKPyV were
all performed in kidney cells at similar ranges of drug concentrations but did not
significantly alter kidney cell metabolism (13, 14, 22, 36). In kidney cells optimal drug
concentrations were as follows, CPRO 150ug/ml, LEF 20mg/ml and CDV 40ug/ml. In
salivary gland cells treated at these same drug levels, changes in host cell metabolism and
DNA replication were detected. With CPRO drug treatment at 150ug/ml there was no
significant change in metabolic activity but there was a decrease in host cell DNA
replication (Figure 2A). For cells treated with 40ug/ml CDV, the level was decreased to 60—
65% in both host cell DNA replication and cell metabolism compared to untreated,
uninfected cells (Figure 2B). For cells treated with 20ug/ml LEF, there was approximately
20% increase in cell metabolism and the level was decreased to 60% in DNA replication
compared to untreated, uninfected cells (Figure 2C). The percent of BKPyV inhibition was
determined for CPRO, CDV and LEF in salivary gland cells by calculating the EC50, CC50
and Sl values (Table 1/Supplemental Figure 1).

WST-1, a standard metabolic assay, was used for assessment of activity over 3 to 5 day
period post BKPyV infection with a concentration of CPRO (150mg/ml), of LEF (20mg/ml)
and of CDV (40mg/ml). These concentrations were based on physiologically relevant
previous experiments in kidney cells performed by Bernhoff et al (14), Sharma et al (22) and
Liacini et al (36) and were used to treat salivary gland cells in the following experiments.
Compared to mock (uninfected untreated), BKPyV infection increased HSG cellular
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metabolic activity by 1.5-5% at each time point, with the greatest increase occurring at 5
days pi to 105%. Compared to mock (uninfected untreated), drug-treated cells did not
significantly change metabolic activity at any time point investigated. With the exception of
CPRO at day 3, all BKPyV infected drug-treated cells displayed increased metabolic activity
compared to uninfected drug-treated cells at each time point (Figure 2D). In the presence of
drug, the most significant increase in WST-1 activity occurred at day 4 pi, to 103% for
CPRO+BKPyV, CDV+BKPyV and LEF+BKPyV.

The doses used in these experiments did not significantly alter host cell metabolic activity or
proliferation in kidney cells. Based on our observations, the impact on each of the three
agents on salivary gland cell proliferation and metabolic activity was more significant than
on kidney cells (Fig 2A-D). While the drug concentrations that were selected may have
affected the salivary gland cell viability and/ or proliferation for this initial set of studies in a
novel cell type it was important to utilize the same concentrations that had been tested in
previous studies.

Effect of Cidofovir, Ciprofloxacin and Leflunomide on the BKPyV life cycle in salivary

gland cells

To investigate the effect of CDV, CPRO and LEF on the BKPyV life cycle, BKPyV DNA
replication (Figure 3), RNA transcript levels and protein expression (Figure 4) were
measured between days 3 and 5 post drug treatment/viral infection of HSG cells. BKPyV
DNA loads were measured at 3, 4 and 5 dpi/post drug treatment by gPCR (Figure 3). A
plasmid encoding the BKPyV genome was used to construct a standard curve for
determination of BKPyV copy number. CPRO-treated cells demonstrated the largest
decrease in BKPyV genome replication over the three day period with a 2.5-4 log decrease
in copy number compared to untreated infected cells. LEF decreased BKPyV genome
replication by 0.5-1 log and CDV demonstrated an intermediate phenotype with a 2-3 log
decrease over the three day period. Primers targeted toward T Ag (Figure 3) and VVP1 (data
not shown) regions of the genome provided similar results. An R? value of 0.94 suggested
good PCR efficiency for the detection of BKPyV DNA.

To investigate the effect of CDV, CPRO and LEF on BKPyV mRNA expression in salivary
gland cells, T Ag and VVP1 transcripts were measured at 3 and 4 dpi by gRTPCR (Figure 4A,
B). The results shown represent a composite of 4 separate experiments with each condition
carried out in triplicate. Results were normalized to f-actin using the 272AC(T) method, and
are presented as the changes (n-fold) in T Ag/\VVP1 transcript levels relative to untreated
BKPyV-infected cells at each time point. Compared to salivary gland cells infected with
BKPyV, a consistent 50-90% decrease was detected in T Ag expression in the presence of
CPRO and CDV. Mean T Ag BKPyV levels were not changed with LEF at day 3, but an
80% decrease with LEF treatment was detected at day 4 (Figure 4A). Mean VP1 expression
increased in the presence of both CDV and LEF at days 3 and 4 pi. However, a 50-75%
decrease in VVP1 expression was detected with CPRO treatment during each time point post
infection (Figure 4B).

Monkey kidney cells have replication kinetics that are distinct from salivary gland cells (28—
30). In Vero cells, that likely experience a life cycle similar to RPTE cells (Figure 1) with
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peak BKPyV replication at day 2 pi, CDV treatment cells resulted in a variable trend with
enhanced T Ag expression on day 3 pi followed by a decrease on day 4. A slight decrease in
T Ag expression on day 3 was detected with LEF treatment, followed by an increase on day
4 pi (Figure 4C). CPRO treatment demonstrated a >50% decrease in both T Ag and VP1
transcripts at both day 3 and 4 post infection. A decrease in VP1 expression was observed in
the presence of CDV on both days 3 and 4 pi. LEF treatment on day 4 pi resulted in a
significant decrease in VP1 expression compared to day 3 pi (Figure 4D).

To investigate the effect of CDV, LEF and CPRO on BKPyV T Ag protein expression, T Ag
protein was measured at 3 and 4 days pi/post drug treatment by immunoblot (Figure 4E).
Results were normalized to p-actin using densitometry (Figure 4F), and are presented as T
Ag protein relative to untreated BKPyV-infected cells at each time point. A consistent
decrease of over 15 fold T Ag protein expression was detected in the presence of all three
drugs at days 3 and 4 pi.

Effect of Cidofovir, Ciprofloxacin and Leflunomide on encapsidated BK viral progeny
release and infectivity in salivary gland cells

To determine the effect of these agents on the release of encapsidated BKPyV virions into
the supernatant of HSG, DNase resistant particles were quantified by qPCR and BKPyV
DNA loads measured at 3, 4 and 5 dpi/post drug treatment (Figure 5). A standard curve was
constructed using a plasmid encoding for BKPyV genome to determine BKPyV copy
number. Amplification was performed with both T Ag (Figure 5A) and VP1 (data not
shown) primer sets, both providing similar results. In media from both BKPyV only cell
types, the virion release increased from day 3 to day 5. In HSG media, treatment with all of
the agents resulted in decrease of 1-1.5 logs at day 3 and a statistically significant 2-3 logs
decrease at day 5 (Figure 5A). An R? value of 0.98 suggests optimal PCR efficiency in the
detection of encapsidated BKV. These assays were also performed in Vero cells and similar
results were obtained (data not shown). The efficacy of these agents on the treatment of wild
type clinical isolate-derived viruses from patients with HIV associated Salivary Gland
Disease (HIV-SGD 1 and 2) and from an organ transplant patient (transplant) was assessed 5
days pi of HSG cells. Statistically significant decreases in HIV-SGD-derived released
virions were detected in the presence of CDV and LEF but not CPRO (Figure 5B).
Treatment with either of the drug treatments for the lung transplant-derived virus did not
result in a statistically significant decrease in the levels of released virions (Figure 5C). The
laboratory adapted viral strain (MM) treated with CDV and LEF showed a statistically
significant decrease in released virions but CPRO treatment did not. BK\VVPy DNA
amplification was performed with both T Ag (Figure 5B) and VP1 (data not shown) primer
sets, both provided similar results. PCR for the detection of BKPyV DNA was efficient as
determined by R? value of 0.9.

To investigate the infectivity of virions released from drug treated BKPyV infected salivary
gland cells, supernatants from HSG cells were used to infect naive Vero cells in a
florescence focus assay (FFA) (Figure 6). At 5 days post Vero cell infection, cells were
fixed for FFA analysis. Immunofluorescence staining determined that supernatant from HSG
cells treated with CPRO, CDV or LEF significantly decreased infectivity of released virions
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(Figure 6). Virions from BKYV infected HSG cells that were not subject to drug treatment
demonstrated infectivity of 66 FFU/ul while those treated with CPRO, CDV or LEF
demonstrated 37, 11, and 22 FFU/ul respectively. These data suggest that human salivary
gland cells treated with CPRO, CDV or LEF indeed reduce BKPyV replication and
subsequent infectivity.

DISCUSSION

Currently, there is no agreed upon standard treatment of BKPyV viremia in kidney
transplant patients. Given that there has been some benefit with CDV, CPRO or LEF (42,
43), these agents were considered an important starting point for potential therapeutics
targeting BKPyV associated HIV-SGD. HIV-SGD (29) is AIDS defining in pediatric HIV
infection and increasing in the adult HIV population (44). In 1-2% of HIVV-SGD patients
malignant lymphomas have been described in association with glandular lesions making this
disease a premalignant lesion (33, 34). Treatment for HIV-SGD thus far has been palliative
due to the lack of an identified pharmacologic target. However, our group has recently
shown that BKPyV infection is associated with HIVV-SGD (28, 29).

All previous BKPyV anti-viral experiments have been performed in human or monkey
kidney cells or lung fibroblasts (12, 35, 36). Based on our observation that BKPyV can also
infect salivary gland cells in vitro and is associated with pathology in vivo in humans (28,
29, 45, 46), three drugs with demonstrated anti BKPyV activity in kidney cells, CPRO, CDV
and LEF were assessed for BKPyV inhibition in salivary gland cells in vitro. It is clear that
the Kinetics of salivary gland infection are delayed compared to BKPyV infection in kidney
cells (Figure 1), thus the response to the agents may vary based on time post infection.
These drugs effectively halt viral replication activity by either inhibiting topoisomerase
activity (CPRO), interfering with the helicase activity of BKPyV large T antigen (LTAQ)
(CPRO), potentially disrupting DNA polymerases by an unknown mechanism (CDV), or
modulate pyrimidine/tyrosine kinase activity (LEF) (20, 47). The concentration of drugs
used to treat cells were based on previous experiments performed by Bernhoff et al (14),
Sharma et al (22) and Liacini et al (36). While these concentrations were not optimal for
salivary gland BKPyV infection, as determined by WST-1, Brdu and CC50/EC50 (Fig 2,
Table 1) they are physiologically relevant in kidney cells and were previously described
concentrations in the literature. CPRO inhibited BKPyV activity in vitro in kidney cells (48)
and reduced BKPyV viremia when used in combination with immunosuppression reduction
in kidney transplant patients (16). CPRO inhibits type Il and IV topoisomerase activity
during bacterial DNA replication and given the similarities between the bacterial and
polyoma viral topoisomerases is thought to inhibit BKPyV T Ag viral helicase activity (20).
We show that CPRO inhibited BKPyV early and late gene expression in both human
salivary gland and monkey kidney cells (Figure 4). Likewise, CPRO inhibited DNA
replication (Figure 3) and infectious progeny release in salivary gland cells (Figure 5A).
However when BKPyV patient-derived clinical isolates were used to infect salivary gland
cells, CPRO was not as effective as CDV against HIV-SGD derived viruses but was most
effective against the transplant derived virus (Figure 5C). CPRO had minimal effect on
metabolic activity and host cell DNA replication at the concentration used for these
experiments over the three to five day time period tested (Figure 2D). A gradual decrease in
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host cell DNA replication was observed with CPRO concentrations over 150ug/ml (Figure
2A). A low selectivity index of 3.4, defined as the ratio of the 50% reduction in host cell
replication value to the 50% virus inhibitory concentration value, suggested a modest anti-
BKPyV effect.

CDV treatment is currently approved for CMV-induced retinitis in HIV infected patients
(49) and has been used at low doses to treat transplant patients resulting in decreased
BKPyV viremia and viruria (24). There are reports however, of the deleterious effects of
reduced renal function and increased viral load in cidofovir-treated BKPyVN patients (23).
CDV inhibits CMV viral DNA polymerase activity, yet it's mode of action against BKPyV
is currently unknown. In vitro, CDV inhibits BKPyV activity in human kidney and lung
fibroblast cells (12, 14) but has not previously been tested in human salivary gland cells. In
this study, CDV inhibited BKPyV early gene expression but not late gene expression in
human salivary gland cells (Figure 4A, B). In monkey kidney (Vero) cells, CDV inhibited
early gene expression at 4dpi (Figure 4C) and late gene expression at both 3 and 4 dpi
(Figure 4D). CDV inhibited DNA replication (Fig 3), diminished progeny release from
salivary gland cells (Figure 5A), and significantly decreased replication of both the
HIVSGD patient-derived viruses (HIVSGD 1 and 2) and the laboratory adapted strain (MM)
(Figure 5B). CDV was more effective than CPRO for the aforementioned patient-derived
viruses but not the urine derived virus (transplant patient) (Figure 5C). Of the three agents,
CDV was the most effective in the FFA assay demonstrating a 6 fold decrease in infectious
progeny virus. CDV had minimal effect on metabolic activity and host cell DNA replication
at the concentration used for these experiments over the three to five day time period tested
(Figure 2D). However, at 72hpi with increasing drug concentration a seventy percent
decrease in host cell DNA replication was observed. In the presence of viral infection with
and without drug, host cell metabolism decreased at lower drug concentrations (5-40ug/ml)
and increased at higher drug concentrations (50-150ug/ml) (Figure 2B). The Sl of 1.6
suggested a lower anti-BKPyV effect in HSG cells compared to the SI’s of CDV in human
embryonic lung fibroblasts (WI-38) and human renal proximal tubular epithelial cells 2.3
(12) and 4.9 respectively (50). Although CDV inhibited BKPyV replication in salivary gland
cells, there are clinical limitations for its use due to its nephrotoxicity and limited oral
bioavailability (23).

LEF is an anti-inflammatory drug approved to treat rheumatoid arthritis and other
autoimmune conditions. LEF has been shown to inhibit pyrimidine synthesis, tyrosine
kinase and dihydroorotate dyhydrogenase activity (12). Like CDV, there is conflicting data
with regards to its activity against BKPYV in vitro (12, 13). In vivo studies have detected
LEF activity against CMV and HSV. LEF has been used in combination with other
immunosuppressive agents for treatment of BKPyVN (12, 26). The mechanism of LEF’s
antiviral activity against CMV is thought to occur through interference with viral assembly,
specifically on the viral envelope (27). However this mechanism is unlikely for BKPyV as it
is a non-enveloped virus. Serum steady-state levels of the principal metabolite of LEF are
8.8, 18, and 63 pug/mL after 24 days of therapy with a 5, 10, or 25 mg daily dose,
respectively (12) (Physicians Desk Reference, accessed at http://www.micromedex.com),
therefore the concentrations used in our experiments were in the clinically relevant range.
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LEF had minimal effect on metabolic activity and host cell DNA replication at the
concentration used for these experiments over the three to five day time period tested
(Figure 2C). At the level of transcription, our data showed that LEF inhibition was
inconsistent over the two days tested in both salivary gland cells and in monkey kidney
(Vero) cells (Figure 4C, D). It is possible that the observed variability in transcript levels in
the presence of LEF may be due to drug toxicity. At the protein level, LEF consistently
decreased T Ag expression, albeit beta actin levels were markedly lower with LEF
treatment, suggesting cell toxicity (Figure 4E). LEF appeared to be the least effective drug
with regard to inhibiting BKPyV DNA replication (Fig 3) and release of encapsidated virus
from salivary gland cells (Figure 5). However, LEF treatment resulted in a threefold
decrease in infectious progeny virus as determined by FFA (Figure 6). Likewise, LEF
consistently inhibited both HIV-SGD and transplant patient-derived progeny release in
salivary gland cells compared to the other drug types (Figure 5B) and showed significant
decrease in lab-adapted MM virus progeny release (Figure 5B). Given its relatively high SI
of 9.1 (Table 1), a significant anti BKPyV effect was expected in salivary gland cells,
however the cellular toxicity and potential off target effect dampen enthusiasm for the use of
LEF in the treatment of HIV-SGD.

In conclusion, BKPyV genome replication in human salivary gland cells was decreased by
all three drug types. The mechanism of these drugs against BKPyV are currently up for
debate, however it is possible that BKPyV inhibition in salivary gland cells may be due to
manipulation of a host intracellular signaling pathway critical to BKPyV replication, for
example the Akt or mTOR. With regard to patient treatment, CDV has been shown to be
cytotoxic in kidney cells in vivo and is therefore not a favorable candidate for HIV-SGD
treatment in patients. In kidney transplant patients, LEF is used as an immunomodulatory
agent to lower the incidence of organ rejection, but given its toxicity in salivary gland cells
and potential off target effect may not be optimal for treatment of salivary gland infection.
CPRO’s wide availability and profile as a well-tolerated agent enhances its appeal for
clinical use. Until better drugs become available and more in vitro and in vivo studies are
performed, it would be reasonable to test CPRO in clinical trials to evaluate its efficacy in
salivary gland disease in HIV patients.

The consistent association and potential causal relationship between HIV-SGD and BKPyV
infection of the salivary gland highlight the importance of a targeted anti-BKPyV therapy in
the salivary gland (28-30). Our data highlight the need for continued studies to discover
more effective and less toxic drugs that can inhibit BKPyV replication in salivary gland
cells.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Comparison of BKPYV replication trend over time in human kidney (RPTE) versus
salivary gland (HSG) cells

HSG cells show a significant increase in extracellular BKPYV load at 3dpi compared to
RPTE cells which occurs earlier at 2dpi. RPTE trend was extracted from work performed by
Lietal (41).

Antiviral Res. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Jeffers et al. Page 17

A B
180 120
= =
™ € ; h
b} S 100 4 oy
g 140 - 3 {k
3 g
g 120 1; { :éé' 80
= = —
£ 10 i { { h 3 I{ w1l F
% h 7 g 60 } - ]I_ T
€ 80 OwsT-1 g OwWsT-1
5 @Brdu s @Brdu
£ B0 ] 40 -
3 o
£ 40 - g
| £ 99
9 5
£ 20 + W
< 2
o L LU LU L L L0 L LI L o4+ 1M | I8 LI8 | | (I8 |18 ]I
0 25 50 100 150 175 200 250 0 0 5 10 20 40 50 100 150
Untreated Untreated
uninfected CPRO (ug/ml) uninfected CDV (ug/ml)
BKV D BKV
C 50 110 -
7 =
@ 140 g
E { { $105
g 120 ]
g 1 } % } OCPRO + BKPYW
E s
5 100 | — } 2100 - OCPRO
3 { i g '_T[
= - g O CDV + BKPYV
g { OwsT-1 . Sty
% 60
s Mt 8 @LEF + BKPYV
o o
g 40 g mLEF
g g o0
g 20 ] | BKPYV
2 3
= ] < BMOCK
0 I .. L i i Lid 1 Lt L 85 41 1T _ Il =

0 1 5 10 15 20 40 80 D4 D5

Untreated
uninfected LEF [uEfm“
BKV

Figure 2. Effect of increasing concentrations of drug treatment on host cell DNA replication and
metabolic activity

Cellular DNA replication (BrdU) and total metabolic activity (WST1) of (A) Ciprofloxacin,
(B) Cidofovir and (C) Leflunomide treated BKPyV-uninfected and infected HSG cels were
measured at 72 hpi. Mean values +/- SD are presented as percent of absorbance of
untreated, uninfected (mock) cells. (D) Cellular DNA replication (BrdU) with or without
CPRO (150mg/ml), LEF (20mg/ml) and CDV (40mg/ml) was measured 24 hpi and
absorbance measured at indicated time points. Absorbance for untreated uninfected cells
(mock) at each time point was set as 100%.
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Figure 3. Effect of drug treatment on BKPyV genome replication in human salivary gland cells
HSG cells were infected with BKPYV and treated with drug as described in the materials

and methods. At stated times post infection cells were collected, DNA isolated, and gPCR
performed for T Ag DNA copy no. A standard curve (data not shown) was constructed using
a plasmid coding for BKPYV whole genome. The error bars represent the SD and p-value
calculated using the t-test.
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Figure 4. Effect of drug treatment on BKPy viral gene expression in human salivary gland and
Vero cells

HSG (A and B) and Vero (C and D) cells were infected with BKPyV for 24h then treated
with drug as described in the materials and methods. At stated times post infection cells
were collected, RNA isolated, cDNA generated and gqRTPCR performed for T Ag (A and C)
or VP1 (B and D) viral transcripts. Gene expression values were normalized to the levels of
B-actin transcripts, using 2"PPC(T) method and are represented as the changes (n-fold) in
transcript levels with the levels in non-drug treated (BKPYV only) samples arbitrarily set to
1. At stated times post infection cell lysates were collected and used for immunoblotting as
described in the materials and methods. Antibodies against T Ag and B-actin (E) were used
(F). Relative L Tag protein expression compared to $-actin.
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Figure 5. Effect of drug treatment on lab-strain and patient-derived BKPy virus progeny release
from human salivary gland cells

HSG cells were infected with (A) lab-strain BKPyV (VR837) or (B) BKPyV isolated from
the saliva of two HIVSGD patients and a lab-adapted virus strain (MM), or (C) BKPyV
isolated from urine of a lung transplant patient, and treated with drug as described in the
materials and methods. At stated times post infection supernatant was collected, Dnase-
treated and qPCR performed for TAg and VVP1 (data not shown) DNA copy no. A standard
curve (data not shown) was constructed using a plasmid coding for BKPyV whole genome.
The error bars represent the SD and p-value calculated using the t-test.
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Figure 6. Effect of drug treatment on infectious BKPyV progeny release in human salivary gland
cells

Immunofluorescence of Vero cells treated with HSG cell supernatant collected at 4 dpi and
drug treatment BKPyV only, LEF, CDV, CPRO at 10x magnification. Infected cells (green)
and nuclei (blue) were quantified, and FFU/ul values were calculated. FFU values were
graphed for each treatment and are depicted as FFU/pl.
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EC50, CC50 and Sl values for each drug treatment on BKPyV-infected HSG cells

Table 1

Treatment | CC50/EC50 | Sl
CPRO 122/33 3.7
CbVv 28/18 1.6
LEF 20.8/2.3 9.1
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