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Objectives: Highly active antiretroviral therapy (HAART) is the mainstay of treatment for HIV-1 infection. While
current HAART regimens have been extremely effective, issues of associated toxicity, cost and resistance remain
and there is a need for novel antiretroviral compounds to complement the existing therapy. We sought to
develop a novel high-throughput method for identifying compounds that block later steps in the life cycle not
targeted by current therapy.

Methods: We designed a high-throughput screen to identify inhibitors of post-integration steps in the HIV-1 life
cycle. The screening method was applied to a library of compounds that included numerous FDA-approved
small molecules.

Results: Among the small molecules that inhibited late stages in HIV-1 replication were members of the cardiac
glycoside family. We demonstrate that cardiac glycosides potently inhibit HIV-1 gene expression, thereby reducing
the production of infectious HIV-1. We demonstrate that this inhibition is dependent upon the human Na*/K*-
ATPase, but independent of cardiac glycoside-induced increases in intracellular Ca®™.

Conclusions: We have validated a novel high-throughput screen to identify small molecule inhibitors of HIV-1 gene
expression, virion assembly and budding. Using this screen, we have demonstrated that a number of FDA-approved
compounds developed for other purposes potently inhibit HIV-1 replication, including the cardiac glycosides.
Our work indicates that the entire cardiac glycoside family of drugs shows potential for antiretroviral drug

development.
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Introduction

Current antiretroviral therapy effectively reduces the plasma level
of HIV-1 in most infected individuals to below the limit of detection
of clinical assays.' ~* However, the ongoing problems of undesir-
able off-target effects, high cost and drug-resistant viral strains
indicate a need for additional classes of antiretroviral drugs.*?
Viral assembly and budding have both been previously suggested
as potential targets for such new drug classes. Late pre-assembly
stages of the replication cycle include viral transcription, transla-
tion and transport of viral proteins and RNA to the plasma mem-
brane. Although these stages are primarily mediated by host
proteins, they could be targeted by novel antiretroviral drugs.
With regard to virus assembly, previous studies have identified po-
tentially targetable interactions mediated by both the C-terminal
and N-terminal domains of the capsid, as well as interactions

between zinc and the zinc finger of the nucleocapsid protein.® In
the case of budding, the interaction between the cellular protein
Tsg101, a member of the ESCRT-1 family, and the PTAP sequence
in the p6 domain of the viral protein Gag has been identified as a
target.”® Despite several potential drug targets, there are currently
no clinically approved drugs that inhibit stages of the HIV-1 replica-
tion cycle following integration and preceding maturation, leaving
a significant portion of the HIV-1 replication cycle unopposed by
antiretrovirals.

The aim of this study was to develop a high-throughput method
to screen for compounds with late-stage inhibitory potential
against HIV-1. To do so, we transfected 293T cells with plasmids
containing HIV-1 proviral DNA and then measured virus production
usingagPCR assay of nucleic acid extracted from the cellular super-
natant.’ The reverse transcription step of this assay made use of an
oligo-dT primer to prevent the detection of both HIV-1 DNA and
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unprocessed RNA transcripts. Additionally, the gPCR step used a
primer specific for polyadenylated HIV-1 RNA, again preventing
the detection of unprocessed HIV-1 RNA transcripts and HIV-1
DNA, including the plasmid DNA used in transfection. To test this
approach, we screened the Spectrum 2000 drug library. Of the
compounds that inhibited late stages of the HIV-1 replication
cycle, there was a striking overrepresentation of drugs from the
cardiac glycoside class. We identified compounds belonging to
both subclasses of cardiac glycosides: the cardenolides and the
bufadienolides. Although both are C(23) steroids, they differ in
that cardenolides contain a butenolide five-membered lactone
ring at C-17, whereas bufadienolides contain a six-membered
lactonering.'® Members of both classes of cardiac glycosides inhib-
ited late stages of HIV-1 production and changes in structure
resulted in changes in inhibition.

Methods

293T cell screen for inhibitors of post-integration stages
of the HIV-1 replication cycle

Lipofectamine 2000 (Invitrogen, USA) was used to co-transfect 293T cells
with a plasmid expressing a CXCR4-tropic HIV-1 envelope protein (pX4) as
well as a plasmid containing a variant of the reference HIV-1 isolate
NL4-3 in which the env gene has been replaced with green fluorescent
protein (GFP) (pNL4-3AEnvGFP). After 6 h, the cells were treated with
0.05% Trypsin-EDTA (Gibco, USA), pelleted and plated in flat-bottomed
96-well plates at 180000 cells/well in Dulbecco’s modified Eagle’s
medium-+10% fetal bovine serum. Each test compound was added at a
final concentration of 10 uM. Compounds were taken from the Spectrum
2000 compound library (Microsource, USA). The compounds were dissolved
in DMSO and anequivalent concentration of DMSO (0.1% v/v) was presentin
each well, including the control wells. The proteasome inhibitor epoxomicin
(Sigma-Aldrich) was added at a concentration of 1.8 M as a positive
control. The cells were incubated for 18 h at 37°C in 5% CO,. The super-
natant was then removed and the released HIV-1 RNA was extracted and
quantified.

HIV-1 RNA extraction and RT-qPCR

HIV-1 RNAwas extracted from 60 L of treated 293 T cell supernatant using
the ZR-96 Viral RNAKit (Zymo Research, USA). Eluted RNA was reverse tran-
scribed to cDNA using the Superscript III First-Strand Synthesis System
(Invitrogen, USA). The reverse transcription reaction was primed with
oligo-dT, as described in the manufacturer’s protocol. The HIV-1 cDNA
was detected using primers and probes specific for sequences correspond-
ing to polyadenylated HIV-1 RNA.? Inhibition was calculated relative to the
untreated control.

Flow cytometry

Flow cytometry was performed using a BD FACS Canto II (BD Biosciences,
USA). Analysis was performed using FlowJo software (Tree Star, USA). Evalu-
ation of the toxicity of the compounds screened was performed by fixing the
cells with 2.5% paraformaldehyde and examining the resulting forward/
side scatter plots. Any compounds that caused significant toxicity were
notincludedin thelist of hits and were not used in subsequent experiments.

Measurement of intracellular Ca®* levels with Fura Red
AM dye
Increases in intracellular Ca®* were visualized using Fura Red AM dye (Invi-

trogen, USA). After treatment, cells were incubated with Fura Red AM dye
(10 M) for 30 min and then washed with PBS. Cells were analysed for

Fura Red AM by flow cytometry using the AmCyan channel. Decreases in
the AmCyan signal corresponded to quenching of the Fura Red AM fluores-
cence as a result of increases in intracellular Ca?*. The inhibitor KB-R7943
was obtained from Sigma-Aldrich (USA).

Plasmids for the expression of the a-1 subunit of the
Na*/K*-ATPase

The plasmid containing the murine a-1 subunit of the Na™/K*-ATPase was
obtained from Open Biosystems (plasmid MMM1013-7512721). The
plasmid containing the human «-1 subunit of the Na*/K*-ATPase was
also obtained from Open Biosystems (plasmid MHS1010-9205172).

Results

Development of a cell-based screen for post-integration
inhibitors of the HIV-1 replication cycle

We designed a cell-based system to screen for compounds that
inhibit the release of packaged HIV-1 genomic RNA. Briefly, 293T
cells were co-transfected with plasmids containing a CXCR4-tropic
HIV-1 envelope (pX4) and an NL4-3 genome in which the env gene
was deleted and replaced with GFP (pNL4-3AEnVGFP). The trans-
fected 293T cells were transferred to 96-well plates and assay
compounds were added at the screening concentration of
10 pM. After 18 h, cell-free supernatants were collected and viral
RNA isolated. The eluted viral RNA was reverse transcribed to
cDNA and then analysed by gPCR using a probe and primers
specific to the DNA sequence corresponding to the polyadenylated
HIV-1 RNA.?

To verify that this screen was capable of detecting compounds
that inhibited the late stages of the HIV-1 life cycle, we utilized
epoxomicin, a potent inhibitor of the 26S proteasome, as a positive
control. Treatment of HIV-1-producing cells with epoxomicin has
been shown to reduce the release of virus particles, presumably
through the reduction in the levels of free ubiquitin required for
HIV-1 gag processing.'! Treatment with epoxomicin reduced the
amount of HIV-1 genomic RNA released into the supernatant
(Figure 1), indicating that this system can detect known post-
integration inhibitors of HIV-1 replication.

Identification of the cardiac glycosides as potent
inhibitors of late stages of the HIV-1 replication cycle

With the goal of identifying novel late-stage inhibitors of the HIV-1
replication cycle, we utilized the 293T cell-based system described
above to screen the Spectrum 2000 compound library (Micro-
source Discovery), a 2000 compound collection of approved
drugs, natural products and other bioactive molecules. Our
screen yielded a number of compounds that inhibited HIV-1
genomic RNA release to varying degrees, with some compounds
causing >5 log inhibition relative to the negative controls (data
not shown).

Among the compounds identified in our screen were the tran-
scriptioninhibitoractinomycin D and the translationinhibitor cyclo-
heximide. Actinomycin D has been shown to inhibit the replication
of several other viruses.'?~** The identification of these general
inhibitors served to validate the screening approach. Furthermore,
other previously described inhibitors of HIV-1 were identified,
including celastrol and digoxin.*>'® Recently, digoxin has been
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Figure 1. Screening for compounds that inhibit late stages of HIV-1
replication. 293T cells were transiently transfected with pNL4-3AENVGFP
and pX4 and then some wells were treated with epoxomicin (1.8 pM).
Eighteen hours after treatment, RNA was extracted from culture
supernatant, cDNA was synthesized and HIV-1 RNA-specific gPCR was
performed. Supernatant from untreated cells was used as a control.
No-template controls and no-reverse-transcription (RT) controls were
also included. This figure appears in colour in the online version of JAC
and in black and white in the print version of JAC.

Table 1. Inhibition of HIV-1 RNA release from 293T cells by cardiac
glycosides

Log FDA Structural

Cardiac glycoside inhibition  approved? class

Convallatoxin 5.35 no cardenolide
Periplocymarin 4.45 no cardenolide
Digitoxin 2.41 yes cardenolide
Digoxin 2.36 yes cardenolide
Strophanthidin 2.25 no cardenolide
Gitoxigenin diacetate 2.02 no cardenolide
Digoxigenin 2.01 no cardenolide
Cymarin 1.94 no cardenolide
Sarmentogenin 1.76 no cardenolide
Gitoxin 1.18 no cardenolide
Gitoxigenin 0.84 no cardenolide
Strophanthidinic acid lactone 0 no cardenolide

acetate
Strophanthidin semicarbazide 0 no cardenolide

shown to strongly inhibit HIV-1 structural protein synthesis via
alteration of RNA processing.'® Whether other cardiac glycosides
also inhibit HIV-1 was previously unknown. Here, we observed
that numerous other cardiac glycosides inhibited HIV-1 production
(Table 1). Of these, the majority of the screened cardiac glycosides
were cardenolides; the single bufadienolide that was screened also
inhibited HIV-1 production.

Because of the striking overrepresentation of cardiac glycosides
among the inhibitors identified in the screen, we chose to focus
specifically on these compounds. To determine whether the reduc-
tionin supernatant HIV-1 RNA by the cardiac glycosides resulted in
a functional reduction in the infection of primary CD4+ T cells by

Table 2. ICsq values for inhibition of infection of primary CD4+
lymphoblasts with supernatant from transfected 293T cells treated with
cardiac glycosides

Compound 1Csp (NM) FDA approved? Structural class
Bufalin 4.3 no bufadienolide
Strophanthidin 218.6 no cardenolide
Digoxin 17.0 yes cardenolide
Gitoxigenin 100.6 no cardenolide
Gitoxigenin diacetate 349.5 no cardenolide
Digitoxin 99.2 yes cardenolide
Ouabain octahydrate 13.0 no cardenolide

those virus-containing supernatants, we spinoculated primary
CD4+ lymphoblasts from healthy donors with the supernatant
from 293T cells that had been transfected with pX4 and
PNL4-3AENVGFP and then treated with cardiac glycosides.
Because we observed that the cardiac glycosides inhibited HIV-1
production in our 293T cell screen, we expected that the super-
natant from treated transfected cells would contain fewer
viruses than supernatant from transfected cells that were not
treated with cardiac glycosides. The resulting level of infection in
CD4+ lymphoblasts therefore reflects how much virus was pro-
duced in the presence of the cardiac glycosides. Infection was
measured 3 days after spinoculation using flow cytometry to
detect GFP expression. The percentage inhibition was calculated
relative to the maximum infection observed following infection
with the supernatants from untreated, transfected 293T cells
and ICsq values were calculated. We observed dose-dependent
reductions in the infection of CD4~+ lymphoblasts by supernatants
from cardiac glycoside-treated cells, with ICso values ranging from
349.5 nM down to 4.3 nM for the compounds tested (Table 2). This
confirms that the reductions in supernatant HIV-1 RNA caused by
cardiac glycoside treatment resulted in reductions of infectious
virus in the supernatant.

We sought to further verify that the cardiac glycosides inhibit
production of HIV-1 structural proteins. Therefore, we directly
examined the effects of cardiac glycosides on the expression of
GFP from a proviral construct with GFP in the env ORF. We observed
dose-dependent reductions in HIV-1 gene expression by the
cardiac glycosides in 293T cells transfected with pNL4-3AEnvGFP
and pX4, as measured by flow cytometry analysis of gene expres-
sion (data not shown). Expression of GFP is expected to require a
single splicing reaction of the type used to generate env mRNAs.
Our finding is consistent with a previous report indicating that
digoxin interferes with the Rev-dependent export of singly spliced
HIV-1 RNA.*® Our results extend these findings by demonstrating
that the cardiac glycosides as aclass inhibit HIV-1 gene expression.

Cardiac glycoside inhibition of HIV-1 gene expression is
dependent upon the Na* /K*-ATPase

Cardiac glycosides inhibit the Na*/K*-ATPase by binding to the a-1
subunit, blocking Na™ ion extrusion from treated cells.'’*®
However, the murine «-1 subunit is resistant to inhibition by
cardiac glycosides.'® To determine whether the inhibition of
HIV-1 gene expression by the cardiac glycosides was dependent
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Figure 2. Overexpression of the murine «-1 subunit of the Na*/K™-ATPase abrogates HIV-1 inhibition by digoxin. (a) Flow cytometric analysis of GFP
expression in 293T cells transfected with the murine a-1 subunit of the Na*/K*-ATPase, pNL4-3AEnv and pX4. (b) Flow cytometric analysis of GFP
expression in 293T cells transfected with the murine «-1 subunit of the Na™/K*-ATPase, pNL4-3AEnv and pX4 and then treated with digoxin (10 M)
for 18 h. (c) Flow cytometric analysis of GFP expression in 293T cells transfected with the human «-1 subunit of the Na*/K™-ATPase, pNL4-3AEnv and
pX4. (d) Flow cytometric analysis of GFP expression in 293T cells transfected with the human a-1 subunit of the Na*/K*-ATPase, pNL4-3AEnv and pX4
and then treated with digoxin (10 wM) for 18 h. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.

upon the inhibition of the human Na™/K*-ATPase, 293T cells were
transiently co-transfected with the murine or human -1 subunit
in addition to pNL4-3AENvGFP and pX4. Overexpression of the
murine a-1 subunit in 293T cells abrogated the HIV-1 inhibition
by digoxin, as measured by GFP expression (Figure 2a versus b).
Thus, expression of the digoxin-resistant murine a-1 subunit of
the Na™/K*-ATPase is sufficient to overcome digoxin inhibition.
When the human «-1 subunit was overexpressed in 293T cells,
HIV-1 inhibition by digoxin was still observed (Figure 2c versus d),
indicating that overexpression of an a-1 subunit of the Na*/K*-
ATPase is not sufficient to overcome digoxin inhibition. Taken

together, these data suggest that digoxin inhibits HIV-1 gene ex-
pression via inhibition of the a-1 subunit of the Na*/K*-ATPase.

Cardiac glycoside inhibition of HIV-1 gene expression
is independent of increases in intracellular
Ca®* concentration

Cardiac glycoside inhibition of the Na*/K*-ATPase has been shown
toinduceincreasesinintracellular Ca?* concentrations.' '8 There-
fore, cardiac glycoside inhibition of HIV-1 via interaction with the
a-1 subunit of the Na*/K™-ATPase may also depend uponincreases
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Figure 3. Digoxin inhibition of HIV-1 is independent of digoxin-induced
increases in intracellular Ca®*. (a) Flow cytometric analysis of 293T cells
treated with DMSO alone, digoxin (1 uM) or digoxin (1 wM) plus KB-R7943
(10 pM) for 18 h and then incubated with Fura Red AM dye (10 pM) for
30 min. Reduced AmCyan fluorescence indicates increased intracellular
Ca**. (b) Flow cytometric analysis of GFP expression in 293T cells
transiently transfected with pNL4-3AENVGFP and pX4 and then treated
with the indicated concentrations of KB-R7943 alone or in combination
with digoxin (1 uM) for 18 h. The percentage of cells expressing GFP is
normalized to GFP expression in transfected DMSO-only control 293T cells.

inintracellular Ca®*. Previously, the small molecule KB-R7943 was
shown to inhibit digoxin-induced increases in intracellular Ca* via
inhibition of a sodium-calcium exchanger.?®?! We first verified
that coadministration of digoxin and KB-R7943 prevents
digoxin-induced increases in intracellular Ca®*(Figure 3a). Next,
we tested whether HIV-1 inhibition by digoxin depended on
digoxin-induced increases in intracellular Ca®*. Thus, we coadmi-
nistered digoxin and KB-R7943 to 293T cells transfected with
PNL4-3AENVGFP and pX4. Co-administration of digoxin with
KB-R7943 did not relieve the inhibitory effect of digoxin on HIV-1,
as measured by GFP expression using flow cytometry (Figure 3b).
This result demonstrates that HIV-1 inhibition by cardiac
glycosides is independent of increases in intracellular Ca®*.

Discussion

The principal components of current highly active antiretroviral
therapy (HAART) regimens target only select stages of the HIV-1
life cycle: entry, reverse transcription, integration and maturation.
While there is no doubt that HAART has successfully reduced the
morbidity and mortality associated with HIV-1 infection, the pro-
blems of drug resistance, associated toxicities and cost remain.
As a result, the development of novel classes of inhibitors
remains a priority. Few inhibitors of HIV-1 gene expression and
budding have beenidentified to date. Therefore, we sought toiden-
tify compounds that inhibit HIV-1 at these stages, with a prefer-
ence for compounds that have been tested or approved for use in
humans. To accomplish this, we developed a cell-based screen
that could be scaled for rapid testing of large compound libraries.

Our screening uncovered a number of compounds that inhibit
HIV-1 virion production by cells transfected with proviral DNA con-
structs, including numerous compounds from the cardiac glyco-
side family. The cardiac glycosides were initially described as
inhibitors of the Na*/K™-ATPase and have enjoyed wide use in
the treatment of heart failure and arrhythmia. Recent studies
have suggested that this family of compounds may also have
potent anticancer,?” immunomodulatory?® and antihypertensive
properties’* as well as activity against HIV-1 replication.*®

With respect to the antiretroviral effects of the cardiac glyco-
sides, a recent study has shown that a single drug in the cardiac
glycoside class, digoxin, inhibits HIV-1 replication by altering viral
RNA splice site use, resulting in the decreased production of the
Rev protein.'® This effect is mediated through the activity of a
subset of the SR family of cellular splicing factors. However, overex-
pression of the Rev protein alone did not counter the inhibitory
effect of digoxin, suggesting that other mechanisms of inhibition
may be involved. Wong et al.*® indicate that digitoxin, a compound
that is closely related to digoxin, has a similar effect on certain SR
proteins®® and suggest that other cardiac glycosides may also be
effective at preventing HIV-1 replication. Here, we demonstrate
that this is indeed the case.

Our studies demonstrate that not only digoxin but also the
entire cardiac glycoside family of compounds exhibit antiretroviral
effects. Cardiac glycosides are known Na*/K*-ATPase inhibitors;
this inhibition results in the inhibition and then reversal of the
sodium-calcium exchanger, leading to the build-up of calcium in
the cell.!”'®?% Although Wong et al.'® demonstrated that the
inhibition of HIV-1 replication was related to certain SR splicing
proteins, we questioned whether the action of the cardiac glyco-
sides depended on both the Na*/K*-ATPase and the cardiac
glycoside-inducedincrease inintracellular Ca®*. Our study demon-
strates that although HIV-1 inhibition is dependent on the Na*/K™*-
ATPase, it was independent of the induced increase in intracellular
Ca”*. Previous studies have shown that the Na*/K*-ATPase plays a
role in several signal transduction pathways.?® 2 Additionally,
some previous studies have also shown that the induction of sig-
nalling is independent of the intracellular ion concentrations.®? It
is possible that the inhibition of this ATPase triggers a signalling
mechanism leading to modulation of the action of the SR splicing
proteins, another question that warrants further investigation. A
detailed analysis of the mechanism of inhibition by each member
of the cardiac glycoside family along with structure -activity rela-
tionship studies are extremely important to the potential develop-
ment of the cardiac glycosides as antiretrovirals. Of note, the
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dose-limiting toxicities observed with cardiac glycosides in
humans are related to toxic increases in cardiac contractility,
driven by increases in intracellular Ca®*. As the mechanism of
cardiac glycoside inhibition of HIV-1 appears to be independent
of such Ca?* increases, it is possible that structural modification
of the cardiac glycosides or development of alternative inhibitors
could avoid the cardiac toxicity while maintaining HIV-1 inhibition.

A preponderance of evidence in the literature suggests that
current HAART regimens are capable of fully suppressing ongoing
HIV-1 replication in treated individuals. However, treatment in-
tensification with raltegravir has been shown to lead to a rapid in-
crease in episomal 2-LTR circles in a proportion of treated
individuals, even though no effect on residual low-level viraemia
in these individuals was observed.** Such reductions in low-level
viraemia upon intensification would further suggest that ongoing
replication is occurring. As the cardiac glycosides inhibit HIV-1 at
a post-integration stage of the virallife cycle, treatment intensifica-
tion studies employing the cardiac glycosides may offer some new
insights into the source of low-level viraemia. Our present study
demonstrates that the cardiac glycosides prevent the production
and release of HIV-1 RNA-containing virions. Therefore, we
predict that intensification with cardiac glycosides would lead to
a decline in low-level plasma HIV-1 RNA. The kinetics of this
decline could provide evidence for the source of this low-level
plasma HIV-1 RNA, be it ongoing replication in activated CD4+ T
cells, release of virus from cognate antigen-reactivated cells of
the latent reservoir or another source entirely.
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