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Human adenovirus (HAdV) can cause severe disease and death in both immunocompromised and immunocompetent
patients. The current standards of treatment are often ineffective, and no approved antiviral therapy against HAdV
exists. We report here the design and validation of a fluorescence-based high-content screening platform for the
identification of novel anti-HAdV compounds. The screen was conducted using a wildtype-like virus containing the red
fluorescent protein (RFP) gene under the regulation of the HAdV major late promoter. Thus, RFP expression allows

monitoring of viral late gene expression (a surrogate marker for virus replication), and compounds affecting virus
growth can be easily discovered by quantifying RFP intensity. We used our platform to screen ~1200 FDA-approved
small molecules, and identified several cardiotonic steroids, corticosteroids and chemotherapeutic agents as anti-HAdV
compounds. Our screening platform provides the stringency necessary to detect compounds with varying degrees of
antiviral activity, and facilitates drug discovery/repurposing to combat HAdV infections.

1. Introduction

The human adenovirus (HAdV) was first isolated in the 1950's from
adenoid tissue (Hilleman and Werner, 1954; Rowe et al., 1953), and over
80 types (categorized into 7 species) have been identified to date (Binder
et al., 2017; Dhingra et al., 2019). HAdV mainly causes minor illnesses in
most individuals, and the type of disease and tissue tropism varies de-
pending on the type involved. For example, HAdV species B and C are
mainly responsible for respiratory infections, while species D is asso-
ciated with conjunctivitis, and species F with the gastroenteritis (Lion,
2014). HAdV can also cause severe disease (including systemic infection
and respiratory failure) and death in pediatric, geriatric, im-
munocompromised, and more rarely, in immunocompetent patients
(Bhatti and Dhamoon, 2017; Binder et al., 2017; Kajon and Ison, 2016;
Kojaoghlanian et al., 2003; Lion, 2014; Ying et al., 2014). In the clinic,
antivirals typically used for other viral infections, such as cidofovir,
ganciclovir and ribavirin, are used as standard treatments for HAdV-in-
duced disease (Keyes et al., 2016; Lenaerts et al., 2008; Ronchi et al.,
2014). However, these drugs often have low efficacy against HAdV and

can have serious side effects such as nephrotoxicity (Caruso Brown et al.,
2015; Keyes et al., 2016; Ronchi et al., 2014). Thus, a more effective anti-
HAdV therapy is necessary. Brincidofovir, a phospholipid conjugate of
cidofovir, recently received Fast Track designation from the FDA for
treatment of HAdV infections (Detweiler et al., 2018; Ramsay et al.,
2017), and clinical trials assessing virus-specific T-cells are currently
ongoing (ClinicalTrials.gov; ClinicalTrials.gov). A live oral vaccine
against types 4 and 7 was used by the U.S. military from 1971 to 1997,
and then reintroduced in 2011 to limit HAdV infection in recruits (Binder
et al., 2017). This vaccine is not available to the general population.
HAQV is a nuclear virus, with replication and progeny virion for-
mation occurring within the nucleus of the infected cell (Berk, 2007).
Proteins from the early viral transcription units (E1A, E1B, E2, E3 and
E4) modulate cellular pathways to make the environment more con-
ducive to viral gene expression and replication, or are necessary for the
replication of the viral genome (Horwitz, 2004; King et al., 2018; Saha
et al., 2014; Weitzman, 2005). In particular, the early region 1A (E1A)
proteins are required for efficient virus replication as they transactivate
expression of other HAdV genes, and the E2 proteins (DNA-binding
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protein or DBP, precursor terminal protein, viral DNA polymerase) are
directly involved in synthesizing the viral DNA (de Jong et al., 2003;
Flint, 1999; Frisch and Mymryk, 2002; Parker et al., 1998). The HAdV
major late promoter (MLP) is only fully activated following initiation of
viral genome replication, and it regulates expression of the late regions
L1-L5 which mainly encode structural proteins (e.g. fiber, penton,
hexon) (Ahi and Mittal, 2016; Wodrich et al., 2003; Young, 2003). As
with all viruses, HAdV is reliant on the cellular machinery to assist in
virus entry, viral gene expression, genome replication and production
of progeny virions. For example, E1A interacts with a variety of cellular
proteins, altering their regular functions and modifying the gene ex-
pression profile within the infected cell in order to provide an en-
vironment that promotes virus replication (Ferrari et al., 2008; Zhao
et al., 2003). These cellular proteins include epigenetic modifiers, cell
cycle regulators and transcription factors such as p300/CBP, p21, pRb,
E2F1, TFIID and CtBP, amongst others (Horwitz et al., 2008; King et al.,
2018). In addition to E1A, several other HAdV-encoded proteins (e.g.
E1B, E3, E4, pVII) also alter host protein functions and gene expression
throughout the virus lifecycle (Avgousti et al., 2017; Blackford and
Grand, 2009; Horwitz, 2004; Weitzman, 2005). Small molecules that
disrupt these interactions or pathways, without severely affecting cell
health, may serve as effective anti-HAdV compounds. Indeed, changes
in the localization of cellular RNA splicing proteins by cardiotonic
steroids have been shown to alter HAdV-5 RNA processing, leading to
drastic reductions in virus yield (Grosso et al., 2017). Tazarotene, a
selective agonist of the retinoic acid receptor (3, prevented virus re-
plication in A549 cells (Wang et al., 2018). Identification of such
compounds may eventually uncover effective therapeutic agents to
treat HAdV-induced disease.

Screening of small molecules is a widely used, cost-effective drug-
discovery approach which has led to the discovery of compounds against
previously unexploited viral and host targets to combat a variety of viral
infections (Johansen et al., 2013; Luthra et al., 2018; Nun et al., 2007;
Stray et al., 2006). The majority of published studies on new HAdV in-
hibitors have evaluated only a small number of select compounds
(Grosso et al., 2017; Marrugal-Lorenzo et al., 2018; Sanchez-Cespedes
et al., 2016; Wang et al., 2018), and very few drug library screens have
been performed (Duffy et al., 2013; Hartline et al., 2018). A fluorescence-
based high throughput screen (HTS) was designed by Duffy et al. to
specifically identify small molecules that inhibited coagulation factor X-
mediated entry of HAdV-5 vectors by cells (Duffy et al., 2013). Another
HTS conducted to discover novel HAAV inhibitors utilized E1-deficient,
non-replicating viruses encoding GFP (under the control of the CMV
promoter) to measure viral gene expression following infection and drug
treatment (Sanchez-Cespedes et al., 2014). More recently, Hartline et al.
described an approach using luminescence-based detection of drug-in-
duced changes in viral cytopathic effects (CPE), which allowed broad-
spectrum screening for antiviral compounds against various DNA viruses
including HAAV (Hartline et al., 2018). Although the two latter studies
identified several compounds with previously unreported anti-HAdV
activity (FCV, 4-thio-IDU and a piperazine-2-one derivative), both
screening systems relied on more indirect measurements of viral gene
expression/replication, which may limit the ability of the screens to
detect compounds with modest effects on virus replication.

To facilitate antiviral discovery and drug repurposing for ameliorating
HAdV-induced disease, we designed an efficient high-content screening
method using a wildtype-like HAdV-5 reporter construct, Ad-late/RFP. This
virus contains the red fluorescent protein (RFP) gene under the regulation
of the HAdV MLP and consequently, RFP expression is only detected upon
full activation of the MLP following active viral DNA replication (Saha and
Parks, 2019). As RFP levels reflect the degree of viral late gene expression
and DNA replication (Saha and Parks, 2019), quantification of fluorescence
intensity allows us to easily identify compounds that affect these processes.
In this study, we have used our platform to screen ~1200 FDA-approved
compounds. We validated the top positive hits by investigating their impact
on cell health, viral gene expression, DNA replication and yield of
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infectious virions. We found that cardiotonic steroids suppressed multiple
stages of the virus lifecycle and corticosteroids reduced early/late protein
levels, resulting in decreased virus yield in both cases. Thus, our screening
platform offers the sensitivity required to detect compounds that lead to
even modest or transient reductions in viral gene expression/replication, as
well as those with more robust antiviral activity.

2. Materials and methods
2.1. Cell lines and reagents

Most experiments were conducted in the human lung adenocarci-
noma-derived A549 cell line (CCL-185, ATCC), unless otherwise in-
dicated. To monitor significant changes in cell viability and density in
the small molecule screen and dose-response assays, A549 cells were
transduced with a lentiviral vector to constitutively express green
fluorescent protein (GFP) (Wong et al., 2016). The A549-GFP cell line
grows and supports HAdV replication as well as the parental A549 cell
line, and has been referred to as “GFP-expressing A549 cells” where
applicable in this study. Both cell lines were cultured in Minimum Es-
sential Medium (MEM, Sigma-Aldrich) containing 10% (v/v) Fetal
Bovine Serum (FBS, Sigma Aldrich), 2 mM GlutaMAX (Invitrogen) and
1x antibiotic-antimycotic (Invitrogen). MRC-5 cells (CCL-171, ATCC)
were cultured similarly in Dulbecco's Modified Eagle Medium (DMEM,
Sigma-Aldrich).

The Prestwick Chemical Library was obtained from Prestwick
Chemical. For validation and follow-up experiments, SAHA (SML0061;
=98% purity by HPLC), digoxin (D6003; =95%) and lanatoside C
(L2261; =95%) were purchased from Sigma; cytarabine (16069;
=95%), methotrexate (13960; =98%) and digitoxigenin (18229;
=98%) were purchased from Cayman Chemical; dexamethasone acetate
(SC-204714; =99%) and flunisolide (SC-215039; =98%) were pur-
chased from Santa Cruz Biotechnology. All compounds were dissolved in
DMSO to prepare stock solutions and diluted in cell media for treatments.

2.2. HAdV constructs

Construction of the Ad-late/RFP has been described in detail previously
(Saha and Parks, 2019). Briefly, the monomeric RFP coding sequence with
an upstream splice acceptor site replaces the viral E3 region, which places
RFP expression under the control of the viral MLP (Tollefson et al., 1996).
This construct was generated based on HAdV-5, using a combination of
conventional cloning and bacterial recombination (Chartier et al., 1996).
The virus was propagated in 293 cells and purified by cesium chloride
buoyant density centrifugation using standard procedures (Ross and Parks,
2009). Viral titer (plaque forming units) was determined by plaque assay
on 293 cells as previously reported (Saha and Parks, 2017).

2.3. Infection and drug treatment

Unless otherwise indicated, medium was removed from confluent
monolayers of A549 cells before infecting with the Ad-late/RFP.
Multiplicity of infection (MOI) was calculated as plaque-forming units
(PFU) per cell. Virus inoculums were diluted in phosphate-buffered
saline (PBS, Sigma-Aldrich) and added to the cells for 1 h at 37°C with
periodic rocking. Medium containing either vehicle or drug was then
added to the cells, followed by incubation in a humidified CO, in-
cubator at 37°C until the indicated time points.

For experiments involving pretreatment with compounds, the cells
were incubated with vehicle/drug-containing medium for 2 h at 37°C
before infection. Drug treatment was maintained throughout the course
of infection and the treatment medium was replaced every 24 h for
experiments that extended beyond one day.

2.4. Fluorescence microscopy

Live cells were imaged 18-24 h after infection using a 10x objective



B. Saha, et al.

on a Zeiss Axio Observer.Z1 microscope equipped with an Axiocam
MRC camera and ZEN 2 software for image processing.

2.5. Immunoblot analysis

Cells were lysed in 2x Laemmli buffer containing 5% [3-mercap-
toethanol, subjected to SDS-PAGE and transferred to a polyvinylidene di-
fluoride (PVDF) membrane (Millipore) as previously described (Saha and
Parks, 2017). The membrane was blocked with 5% milk in tris-buffered
saline containing 0.2% Tween 20 (Thermo Fisher Scientific), and probed
with antibodies diluted in the 5% milk solution. The following primary
antibodies were used: HAdV-5 fiber (1/10,000 dilution; MS-1027-PO,
Neomarkers), HAdV-5 E1A (1/5,000; MA5-13643, Invitrogen), vinculin (1/
10,000; ab129002, Abcam), tubulin (1/5,000; CP06, Calbiochem), actin (1/
10,000; A1978, Sigma Aldrich), and RFP (1/5,000; ab62341, Abcam). The
HAdV-5 fiber antibody from Neomarkers was discontinued during the
course of this study. Therefore, hexon was detected instead using the HAdV-
5 antibody from Abcam (1/10,000; ab6982) to examine late gene expres-
sion in some of the immunoblots. This antibody detects all of the major
HAdV-5 structural proteins, and also cross-reacts with some of the HAdV-4
and HAdV-7 capsid proteins. The monoclonal antibody against HAdV-5 DBP
(antibody 72K-B6, 1/5,000 dilution) was a kind gift from Dr. Arnold Levine
(Institute for Advanced Study, Princeton, New Jersey) (Reich et al., 1983).
The membranes were then washed three times in TBST and incubated with
the appropriate secondary antibodies conjugated to horseradish peroxidase
(HRP). Blots were developed using the Immobilon Classico Western HRP
Substrate (Millipore). All immunoblot data are representative of two or
more independent experiments.

2.6. Small molecule screen and RFP quantification assays

GFP-expressing A549 cells were seeded in 96-well plates at a density
of 20,000 cells/well using the MicroFlo Select Dispenser (BioTek).
Compounds from the library plates were diluted to a working con-
centration in PBS containing 10% DMSO, and vehicle/compounds were
added to confluent monolayers of cells for pretreatment (final con-
centration of 250 nM in culture media) using the Precision Microplate
Pipetting System (BioTek). After 2 h of pretreatment, these cells were
infected with Ad-late/RFP (MOI 10) in the presence of the compounds.
At 24 hpi, the cell media was aspirated and the cell monolayers were
washed once in PBS. The cells were fixed with freshly made 4% w/v
paraformaldehyde (pH 7) for 15 min. The fixed cells were stored in PBS
overnight at 4°C. The following day, the PBS was removed and the cell
nuclei were stained for 15-20 min with 10 pg/ml Hoechst 33342 (Life
Technologies) diluted in PBS. New PBS was placed back on the stained
cells before RFP quantification using the Cellomics High Content
Screening (HCS) Platform and the Cellomics navigator version of the HCS
Studio software (Thermo Fisher Scientific). The 10x objective and the
following filters were used: 386e¢xcitation (ex) DM for Hoechst, 549, nm for
RFP and 485, nm for GFP. Roughly 1,000 cells (Hoechst-stained intact
nuclei) were analyzed per well and their total RFP intensity was mea-
sured. Since each library plate was treated and screened in triplicate, the
mean data from the three replicate plates was used for analysis. The
mean RFP intensities in drug-treated wells were calculated as a percen-
tage of the mean intensities in vehicle-treated wells. Further information
on screen parameters and analysis is available upon request.

For the dose-response assays, drug treatment, infection, cell fixation
and RFP quantification were carried out as described above for the screen.

2.7. Quantitative real-time PCR (qPCR)

A549 cells were pretreated with compounds and infected as de-
scribed above. Medium was removed from the infected cells at the in-
dicated time points and the cells were incubated overnight in SDS-
proteinase K buffer (10 mM Tris-HCl pH 7.4, 10 mM EDTA, 1% w/v
SDS, 1 mg/ml proteinase K) at 37°C. DNA was extracted from the cell
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lysates using the standard phenol-chloroform method, precipitated with
ethanol and NaCl, and the resulting DNA pellet was dissolved in 1x Tris-
EDTA (TE) buffer. qPCR was conducted as previously described (Ross
et al., 2011) using 200 ng of genomic DNA per reaction. The following
primers were used: 5’-CTT ACC CCC AAC GAG TTT GA and 5-GGA GTA
CAT GCG GTC CTT GT for HAdV hexon; 5-CCA TTA AAC CAG TTG
CCG TGA GAG and 5-GGC GTT TAC AGC TCA AGT CCA AAG for HAdV
E1A. Viral genome copy numbers were calculated from the Ct values
using a standard curve obtained using serial dilutions of the pRP3089,
the bacterial plasmid used to generate Ad-late/RFP.

2.8. RNA extraction and reverse transcription gPCR

A549 cells were pretreated with compounds and infected as de-
scribed above. Medium was removed from the infected cells and total
cellular RNA was extracted using TRIzol Reagent (Thermo Fisher
Scientific) and the PureLink RNA Mini Kit (Ambion) according to the
manufacturer's protocol. To synthesize cDNA from the extracted RNA
by reverse transcription (RT), the M-MuLV Reverse Transcriptase was
used (New England Biolabs) along with a mixture of random hexamers
(New England Biolabs), according to the manufacturer's protocol. 800
ng of RNA was used per RT reaction. qPCR was then conducted as
described above using 2 pl of the cDNA mixture.

2.9. Plaque assay for virus yield

Monolayers of A549 cells were pretreated with each compound, and
infected with Ad-late/RFP (MOI 10). The virus inoculum was removed
after 1 h of infection, the cells were washed with PBS, and fresh medium
containing vehicle or compounds was added. After 24 h of infection, the
cells were collected by scraping into the medium, 40% w/v sucrose
(diluted in 10 mM Tris) was added to a final concentration of 4% v/v,
and the samples were flash-frozen in ethanol and dry ice. For the plaque
assay, monolayers of A549 cells were infected with dilutions of this cell
lysate. After 1 h of infection, the cells were overlaid with medium con-
taining agarose (50% v/v of a 1% w/v agarose solution, 43% clear 2x
MEM, 5% FBS, 1% GlutaMAX and 1% antibiotic-antimycotic) and placed
in a 37°C incubator. Plaques were counted 8-10 days later.

2.10. MTS metabolic activity assays

96-well plates of A549 cells were pretreated with compounds and
infected with Ad-late/RFP (MOI 10). 24 h post infection, the metabolic
activity was determined using the CellTiter 96 AQueous Non-Radioactive
Cell Proliferation Assay (Promega) according to the manufacturer's in-
structions. Briefly, cells were incubated for 1 h at 37°C with 20 pl of the
MTS substrate, and absorbance readings were obtained at 490 nm using
the SpectraMax 190 plate spectrophotometer (Molecular Devices).

3. Results
3.1. Design and optimization of the small molecule screen

We generated a replication-competent (E1"), wildtype-like HAdV
construct, designated Ad-late/RFP, which encodes the RFP gene under
the regulation of the viral MLP (Saha and Parks, 2019). Since the MLP is
only fully active following viral DNA replication (Thomas and
Mathews, 1980; Tollefson et al., 1996), RFP expression from Ad-late/
RFP increases with time during late infection (Fig. 1A). In a previous
study, we confirmed that Ad-late/RFP grows similar to the wildtype
HAdV-5 in terms of protein expression and DNA replication, and that
RFP is produced only when virus replication occurs (Saha and Parks,
2019). Thus, RFP fluorescence can be used as a surrogate marker to
efficiently monitor any changes in HAdV DNA and late protein levels
induced by small molecules that affect the earlier stages of the virus
lifecycle, or the stability of viral RNA/proteins.
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Fig. 1. Optimization and validation of a
small molecule screen for anti-HAdV com-
pounds. GFP-expressing A549 cells were in-
fected with Ad-late/RFP at an MOI of 10, unless
indicated otherwise. (A) Infected, live cells were
visualized after the onset of viral DNA replica-
tion, at the indicated times post infection. RFP
expression from Ad-late/RFP increases along
with virus replication over time. (B) RFP in-
tensities within infected cells (MOI 5 or 10 of

B 35+ c ~ 1254 Ad-late/RFP) were quantified every 3 h over 24
';'\ - Mock = 100 ® h post infection (hpi) in live cells using the
& 281 & MOIS < l Cellomics ArrayScan VTI High Content
2 214 = MOI10 ‘E 75 1 Screening Platform. a.u. represents arbitrary
% 14 § 50 units. Error bars represent standard deviation
E | £ e (SD) of analytical replicates (n = 14). (C) RFP
o, 74 & 25 % fluorescence in live or fixed cells was quantified
E 0 E 0 ole 2 as in panel B. Intensities were less variable be-

0 3 6 9 12 15 18 21 24 Live cells Fixed cells tween five independent experiments in the
" " % fixed-cell screen. Error bars represent SD of ex-
Time post infection (hours) perimental replicates (n = 5 or 6). (D) Infected
cells were treated with vehicle or 1-100 pM

aphidicolin (Aph). Cell lysates were collected at

D Q& *&&6 %\ $ Q$ E 60 24 h after infection and drug treatment for

é\ L \Q‘ D N ) analysis of viral late gene expression by im-
Fiber g munoblot. Aph decreases fiber and RFP pro-
50— S e ; 40 duction in a dose-dependent manner. (E)
25 D RFP § 30 Infected, Aph-treated cells were fixed at 24 hpi
g 3 and the RFP intensity was quantified as in panel
50— NSRRI . Tubulin £ 20 B. The results corroborate observations from the
Aph & immunoblot. Error bars represent SD of analy-
~ 10 tical replicates (n = 16).
0
0 1 10 100 Mock
Aph concentration (uM)

To detect real-time changes in RFP intensity induced by small mo-
lecules during a screen, we first attempted to measure the intensities
over a time course of infection in live (i.e. non-fixed) GFP-expressing
A549 cells. We designed a live-cell screen protocol using the Ad-late/
RFP and the Cellomics ArrayScan VTI HCS Platform connected to a Live
Cell Module, which controls temperature and CO, in the imaging
chamber. Infected cells were placed in the Live Cell Chamber over a 24-
h time course of infection to periodically quantify RFP fluorescence.
RFP increased 10- to 30-fold over time and as expected, the extent of
increase positively correlated with the MOI of virus (Fig. 1B). However,
with the live-cell imaging approach, high variability was observed
within experimental replicates at each time point (the 24 h time points
with Ad-late/RFP at MOI 10 are shown in Fig. 1B; mean of 42 = 40
a.u.). Furthermore, in many of the preliminary test experiments we
conducted with live-cell imaging (similar to that in Fig. 1B), the virus
simply failed to propagate, perhaps due to the non-optimal cell growth
conditions within the Live Cell Chamber (as explained in the Discussion
section below). This issue was resolved and the experimental variability
was significantly reduced (22 + 13 a.u.) when RFP intensity was
quantified following cell fixation at 24 hpi (Fig. 1C). As such, all sub-
sequent RFP quantification assays and the screen were conducted on
drug-treated and infected GFP-expressing cells that were fixed at 24 hpi
as described in the Materials and Methods.

To test the reliability of the fixed-cell screen protocol, we conducted a
dose-response assay with aphidicolin (Aph), a DNA polymerase inhibitor
that prevents HAdV replication by interfering with dCTP incorporation
during DNA synthesis (Krokan et al., 1981). Immunoblot analysis of Ad-
late/RFP-infected, Aph-treated cells showed that the drug reduced pro-
tein levels of both fiber and RFP in a dose-dependent manner (Fig. 1D).
These results were corroborated by the RFP intensities quantified using
the Cellomics ArrayScan in infected, drug-treated cells at 24 hpi
(Fig. 1E), which confirmed the reliability of the screen protocol.
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3.2. Identification and validation of HAAV inhibitors from the Prestwick
Chemical Library

We next used our platform to screen ~1200 chemically and phar-
macologically diverse compounds in the Prestwick Chemical Library to
identify novel compounds with anti-HAdV activity. Although the
screened compounds are likely optimally active at different con-
centrations in vivo, we used a single concentration in our initial pilot
screen and subsequently tested the positive hits at varying concentra-
tions in our validation experiments. In a recent study, we showed that
the pan-histone deacetylase (HDAC) inhibitor SAHA reduces RFP ex-
pression from Ad-late/RFP, as well as virus yield, in a dose-dependent
manner (Saha and Parks, 2019). SAHA induced more than a 50% de-
crease in RFP intensity at a concentration of 250 nM. Thus, SAHA was
used as a positive control for reduction of RFP levels, while vehicle
treatment served as the negative control, on each screen plate of 80 test
compounds from the library (Fig. 2A). We also selected 250 nM as the
screen concentration because it is relatively low and would allow de-
tection of compounds with higher efficacy against Ad-late/RFP. Each
library plate was screened in triplicate, and the mean data for one re-
presentative plate is shown in Fig. 2B. While the majority of the small
molecules screened did not affect RFP compared to vehicle treatment,
we identified a subset of compounds that either decreased or increased
RFP intensities significantly (Fig. 2C-D). To limit the number of com-
pounds considered for further investigation, we selected fourteen that
decreased RFP by at least 50% (Fig. 2D) and conducted subsequent
dose-response assays to confirm the positive hits (data not shown). Of
those, eleven compounds were confirmed to indeed reduce RFP from
Ad-late/RFP at nanomolar concentrations (Table 1).

The most effective inhibitors of RFP expression identified from the
screen were digoxin, digitoxigenin and lanatoside C (Table 1). The anti-
HAQV activity of cardiotonic steroids was recently reported in another
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Fig. 2. Screen of the Prestwick Chemical
Library. (A) Layout of 96-well plates in the screen.
Test compounds were added to 80 wells (blue).
Vehicle (negative control) and SAHA (positive
control) were added in alternate wells of the first
and last columns. Cells were pretreated with ve-
hicle or compounds at a concentration of 0.25 pM
for 2 h prior to infection with Ad-late/RFP (MOI
10). Cells were fixed at 24 hpi and RFP intensities
were measured using the Cellomics ArrayScan. (B)

Number of compounds

40 60 80

Representative data from a single screen plate (80
test compounds). Changes in RFP levels were cal-
culated as a percentage of vehicle treatment. The
black data point represents SAHA, while the blue
data points represent the compounds that reduced
RFP expression by more than 50%. Each set of
compounds was screened in three independent as-
says and the data points represent the mean. (C)
The average RFP intensities in drug-treated cells

were calculated as fold change relative to vehicle-
treated cells. Fold changes for all 1200 compounds
were plotted in order of increasing magnitude.
While most compounds did not alter RFP expres-

A
Screen compounds B
120
2
o
S 80
G .
o
S 40 *
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&
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SAHA Vehicle 0 20
C D
>3.0 1.0
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Number of compounds

Table 1

Number of compounds

100 150 200  sion from Ad-late/RFP, several compounds were
found to either significantly reduce or moderately
enhance RFP levels. (D) A magnified view of panel
C highlighting fourteen compounds that reduced
RFP intensities to half that in vehicle-treated cells.

Error bars have been omitted for clarity.

Validated positive hits from the Prestwick Chemical Library. Of the fourteen compounds that reduced RFP levels by at least 50% in
the initial screen, eleven were confirmed to decrease RFP from the Ad-late/RFP in subsequent assays. The percentage values indicate
the RFP intensity in cells treated with 0.25 uM drug relative to vehicle-treated cells (100% RFP) in the screen.

Cardenolides Corticosteroids

Others

(1) Lanatoside C (19%)
(2) Digoxin (21%)
(3) Digitoxigenin (23%)

(4) Dexamethasone acetate (39%)
(5) Flumethasone (46%)
(6) Flurandrenolide (47%)

(9) Cytarabine (30%)
(10) Methotrexate (33%)
(11) Podophyllotoxin (45%)

(7) Diflorasone diacetate (49%)

(8) Flunisolide (49%)

study (Grosso et al., 2017), which further supports the reliability of our
screen results. To validate these compounds in our system, we first con-
ducted a dose-response assay to determine whether these compounds were
effective in reducing RFP intensities at low concentrations. As in the
screen, GFP-expressing A549 cells were pretreated with the compounds
(~15 nM-1 pM), and infected for 24 h prior to RFP quantification in fixed
cells. All three compounds were more effective than SAHA in decreasing
RFP at the concentrations tested (Fig. 3A). The ICs, values (with regards to
RFP levels) were determined to be approximately 240 nM, 20 nM, 64 nM
and 32 nM for SAHA, digoxin, digitoxigenin and lanatoside C, respec-
tively. This inhibitory effect on RFP was not due to compromised cell
health as metabolic activity was 80% or above for all three compounds
compared to vehicle, at least at concentrations up to ~100 nM (Fig. 3B),
and endogenous GFP fluorescence from these cells was not reduced (data
not shown). Our results are consistent with the findings of Grosso et al.,
who also found that cardiotonic steroids suppress HAdV replication, but
not cell viability, at similar concentrations (Grosso et al., 2017).

We next conducted dose-response and MTS assays with three ad-
ditional compounds which were selected based on their effectiveness
(Table 1): chemotherapy agents cytarabine and methotrexate, and the
anti-inflammatory corticosteroid dexamethasone. We included fluniso-
lide for validation as it is also a corticosteroid, and would be expected
to have similar efficacy as dexamethasone. These two classes of drugs
target different cellular proteins and pathways than the cardiotonic
steroids, and likely inhibit Ad-late/RFP gene expression by other me-
chanisms. Both cytarabine and methotrexate significantly reduced RFP
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fluorescence at low concentrations, while the corticosteroids reduced
RFP to 30-40% of vehicle treatment at all concentrations examined
(Fig. 3C). With the exception of methotrexate, these compounds also
did not affect cellular metabolic activity or GFP intensity (Fig. 3D and
data not shown). The effect of methotrexate on RFP may be (at least
partially) due to drug-induced cytotoxicity, and it was excluded from
further investigation. Overall, these results suggest that the screening
platform we developed provides the sensitivity and stringency neces-
sary to detect and quantify varying degrees of small molecule-induced
changes on HAdV gene expression.

3.3. Cardiotonic steroids are potent inhibitors of HAdV

Since digoxin, digitoxigenin and lanatoside C were very effective in
reducing RFP levels at low concentrations in the validation assays
(Fig. 3), we conducted further studies to determine whether other
stages of the virus lifecycle are impacted by these drugs (e.g. early/late
gene transcription, protein expression, DNA replication). Cells were
pretreated with vehicle or each compound at 100 nM for 2 h, and in-
fected with Ad-late/RFP in the presence of the compounds. Although
analysis of E1A transcript levels at 6 hpi showed no difference between
vehicle- and drug-treated cells (Fig. 4A), early proteins E1A and DBP
were both decreased substantially at 8 hpi (Fig. 4B). E1A transcript
levels also remained unchanged between the various treatments at 24
hpi (Fig. 4A). E1A and DBP proteins were easily detected at this later
time point, but the overall amount was reduced relative to vehicle-
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Fig. 3. Dose-dependent effects of the selected positive hits on RFP and cellular metabolic activity. GFP-expressing A549 cells were treated for 2 h with each compound
at the indicated concentrations, then infected with Ad-late/RFP (MOI 10) for 24 h. (A, C) Infected, drug-treated cells were fixed and RFP intensities were quantified using the
Cellomics ArrayScan. (B, D) Cellular metabolic activity was determined by MTS assay. Both RFP expression and metabolic activity were calculated as a percentage of vehicle
treatment, and the data was fitted to a sigmoidal or dose-response curve in GraphPad Prism. Error bars represent SD of experimental replicates (n = 3).

treated cells (Fig. 4B). These observations suggest that the cardiotonic
steroids do not affect E1A transcription or mRNA stability, but may
affect E1A protein levels by altering protein translation or stability.

In the HAdV lifecycle, early gene expression is followed by viral DNA
replication. Therefore, we next examined viral genome copy numbers at
early and late times of infection in cells treated with the cardiotonic
steroids. QPCR with primers specific to the viral hexon region showed
that the Ad-late/RFP genome copy numbers at 8 hpi (before the onset of
viral DNA replication) were similar in vehicle- and drug-treated cells
(Fig. 4C), suggesting that virus entry was not affected. Digoxin was a
potent inhibitor of Ad-late/RFP DNA replication as it led to a 1,000-fold
decrease in Ad-late/RFP genome copy numbers at 24 hpi, and a con-
tinued trend towards decreased genome copies was observed at 48 hpi
(Fig. 4C). Although less effective than digoxin, reduced DNA replication
was also evident at 24 hpi with digitoxigenin and lanatoside C, but there
were no significant differences with these compounds later on (Fig. 4C).
This is unlikely due to drug degradation over the time course of infection
as all three compounds have fairly long half-lives (at least 30 h in vivo)
(Doherty and Kane, 1973), and the cell medium containing drug was
replaced every 24 h in our experiments. As expected, all three com-
pounds affected late gene transcription at 24 hpi (Fig. 4D), which was
concomitant with a substantial decrease in viral late proteins (fiber,
hexon, penton) and RFP levels (Fig. 4E). Late protein expression re-
mained low with digoxin and lanatoside C at 48 hpi (Fig. 4E), but late
transcript levels were comparable to vehicle treatment at that time point
(Fig. 4D), further supporting the possibility that these compounds may
act by altering protein production and/or stability. Inhibition of multiple
stages of the HAdV lifecycle by the cardiotonic steroids consequently led
to a 100- to 1000-fold reduction in Ad-late/RFP yield as determined by
plaque assay of virus recovered from treated cells (Fig. 4F). The antiviral
activity of the cardiotonic steroids was also observed against Ad-late/RFP
in primary MRC-5 cells (Fig. 4G and S1A), and against clinically relevant
types 4 and 7 (Fig. 4H and S1B). Our results, combined with that ob-
tained by Grosso et al. (2017), confirm that cardiotonic steroids are ef-
fective inhibitors of HAdV, and these compounds were successfully de-
tected by our screening method.
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3.4. Cytarabine, dexamethasone and flunisolide have modest anti-HAdV
activity

We next examined how cytarabine, dexamethasone and flunisolide
affect the HAdV lifecycle. Each compound was used at 200 nM, and drug
treatment and infection were carried out as described above for the car-
diotonic steroids. Interestingly, cytarabine did not decrease the transcript
levels of E1A or expression of the early genes (Fig. 5A and B). Although a
trend towards reduced E1A transcript was observed with dexamethasone
and flunisolide at 6 hpi, this was not statistically significant (Fig. 5A).
However, both E1A and DBP expression was reduced at 8 hpi (Fig. 5B). By
24 hpi, transcript levels of E1A were all comparable to vehicle treatment
(Fig. 5A), and a small decrease in E1A protein was still evident with the
corticosteroids (Fig. 5B). Somewhat surprisingly, we did not detect any
differences in Ad-late/RFP genome copy numbers with any of the com-
pounds, at least at the time points examined (Fig. 5C). This observation
may mimic our results with SAHA, where inhibition of viral DNA re-
plication was greater earlier on during the replicative phase of infection,
and was not as pronounced at later time points (Saha and Parks, 2019).
Alternatively, early proteins may increase over time to sufficient amounts
that permit nearly normal levels of DNA replication in late infection.

As with early transcripts, there were no significant changes in late
transcript levels with cytarabine and the corticosteroids, but we did
detect a decrease in late proteins at 24 hpi (Fig. 5E). For all three
compounds, the extent of late protein reduction was more pronounced
at lower MOIs (Fig. 5F, S2A and S2B) which are more relevant to
clinical settings. Treatment with cytarabine and the corticosteroids also
reduced virus yield (~3- to ~30-fold) from infected cells (Fig. 5G).
Thus, these compounds all act as antivirals mainly through effects on
HAdV protein expression, ultimately lowering virus yield. In MRC-5
cells, cytarabine reduced hexon expression to a similar extent as in
A549s (Fig. 5H), but the corticosteroids were ineffective (data not
shown). Taken together, our results illustrate that the screening method
we developed provides the necessary sensitivity to detect even modest
or transient changes in viral gene expression, which can impact upon
virus growth.
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Error bars represent SD (n=2 for panels A and D; n=3 for panels C and F).
4. Discussion and conclusions

Development of various high-throughput screening platforms have
allowed the identification of novel antiviral compounds, and highlighted
the potential of repurposing existing drugs as antivirals for several
viruses including Ebola, hepatitis B virus and herpes simplex virus (de
Wispelaere et al., 2017; Johansen et al., 2013; Luthra et al., 2018; Nun
et al., 2007; Pilger et al., 2004; Stray et al., 2006). To identify novel small
molecule inhibitors of HAdV, we developed an efficient screening plat-
form using a HAdV reporter construct, designated Ad-late/RFP (Saha and
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Parks, 2019), which encodes the RFP gene under regulation of the viral
MLP. As such, RFP expression coincides with the expression of the en-
dogenous viral late genes and reflects the extent of DNA replication (Saha
and Parks, 2019). Thus, virus replication can be monitored by RFP
fluorescence (Fig. 1), which is sufficiently sensitive to detect small
changes in virus growth. Although this virus can be used for both live-cell
and fixed-cell imaging, we observed higher experimental variability in
preliminary screens using live-cell imaging (Fig. 1). Cell fixation reduced
this variability (Fig. 1), and overcame several other drawbacks associated
with screening live cells, including (i) impacts of temperature and CO,
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each specific MOL (G) Infected, drug-treated A549 cells were collected at 24 hpi and subjected to plaque assay for quantification of virus yield. (H) MRC-5 cells were
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fluctuations in the live-cell imaging chamber on cell health and virus
growth; (ii) poor microscope focus for the detection and quantification of
RFP due to presence of cell media (compared to PBS for the fixed-cell
method); and (iii) 20-30 min time difference between reading the first
and last wells of the 96-well screen plates, which can contribute to ex-
perimental differences. Consequently, we demonstrated that a fixed-cell
screening method can be used to perform small molecule screens to
identify novel HAdV inhibitors, as well as enhancers which can poten-
tially be used to increase the expression level of therapeutic transgenes
encoded within HAdV-based gene therapy vectors. Importantly, our
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screening procedure can be easily adapted for screening larger drug li-
braries in a high-throughput manner.

Using the screening platform we developed, we screened the
Prestwick Chemical Library containing ~1200 chemically and pharma-
cologically diverse compounds (Fig. 2). Although we chose to use one cell
line, a single compound concentration and a pretreatment strategy in this
proof-of-concept study to test the functionality of the screen metho-
dology, these conditions can be easily modified to discover compounds
that impact different aspects of virus biology. For example, varying
treatment strategies may allow the identification of positive hits that can
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interfere at specific stages of an ongoing infection, while employing
several compound concentrations and multiple cell lines (e.g. primary or
transformed) could provide data on the general efficacy of the positive
hits prior to further validation. One of the main advantages of the Pre-
stwick library is that most of the compounds in it are FDA-approved,
which could make the transitioning of positive hits from in vitro to in vivo
models (and ultimately to humans) easier due to the availability of in-
formation on dosing, kinetics, bioavailability and safety. Of the eleven
confirmed positive hits from the screen (Table 1), we conducted further
assays on six (digoxin, digitoxigenin, lanatoside C, cytarabine, dex-
amethasone acetate and flunisolide) to characterize their impact on the
virus lifecycle. Digoxin, digitoxigenin and lanatoside C are cardiac gly-
cosides that function by inhibiting the activity of Nat/K*-ATPases
(Fozzard and Sheets, 1985; Prassas and Diamandis, 2008). These com-
pounds reduced Ad-late/RFP early/late gene expression, DNA replication
and virus yield at nanomolar concentrations (Figs. 3 and 4), and the re-
sults are consistent with a previous report showing that cardiotonic
steroids suppress HAdAV replication (Grosso et al., 2017). The antiviral
effects were not specific to A549 cells and the Ad-late/RFP, as late gene
expression was decreased to a similar extent in MRC-5 cells, and for
HAdV-4 and HAAV-7 (Fig. 4 and S1). It is possible that reduced viral DNA
replication and late gene expression is a direct consequence of low E1A
levels, as E1A is required for the transcriptional activation of the other
viral genes (Berk, 1986). Differential splicing of the primary transcript
produced from the E1A region gives rise to five different transcripts, of
which, the 13S and 128 are the most abundant in early infection and the
9S is the major form in late infection (Stephens and Harlow, 1987).
Grosso et al. found that cardiotonic steroids alter the localization of cel-
lular SR proteins, leading to changes in viral early RNA splicing and in the
relative levels of the transcripts such that the 13S increased in early in-
fection and 12S increased in late infection, while 9S decreased to a similar
extent at both times (Grosso et al., 2017). In our RT-qPCR experiments,
we used primers which bind to cDNA generated from both the 13S and
12S RNAs. However, despite the marked decrease in overall E1A protein
amount, we did not detect any obvious alterations in the expressed iso-
forms of E1A protein or the quantity of E1A transcripts (Fig. 4), sug-
gesting that other mechanisms may also be involved. Cardiotonic steroids
have shown antiviral activity against other DNA viruses (e.g. CMV and
HSV) and in these cases, virus inhibition was due to impaired viral gene
expression, protein translation and virus release (Amarelle and Lecuona,
2018; Cohen et al., 2016; Dodson et al., 2007; Su et al., 2008). Future
studies should involve investigation of whether these mechanisms also
play a role in the abrogation of HAAV by cardiotonic steroids.
Cytarabine, another positive hit from our screen, is a deoxycytidine
analogue that interferes with DNA and RNA synthesis (Lamba, 2009).
This chemotherapeutic agent has demonstrated antiviral activity against
both DNA and RNA viruses (Hawley et al., 2013; Hryniuk et al., 1972),
and is thought to act through the inhibition of viral DNA polymerases.
Although we did not detect any obvious changes in viral DNA or RNA
levels with cytarabine in our assays/time points, it indeed reduced late
gene expression from Ad-late/RFP (in both transformed and primary
cells) and virus yield at low concentrations (Figs. 3 and 5). Since higher
plasma levels of cytarabine are frequently observed during treatment
(Ersvaer et al., 2015; Momparler, 2013), higher concentrations of the
drug may be used to obtain a more pronounced difference in HAdV yield,
gene expression and nucleic acid synthesis. Infection of cells treated with
glucocorticoid receptor agonists dexamethasone and flunisolide also re-
duced viral early/late proteins and yield (Fig. 5). These compounds
modulate a multitude of cellular pathways and have an overall anti-in-
flammatory, immunosuppressive and anti-proliferative effects on cells
(Almawi and Melemedjian, 2002). Thus, their anti-HAdV activity may be
a consequence of their ability to alter cell signaling and homeostasis.
With digitoxigenin, cytarabine and the corticosteroids, we observed a
lower impact on viral gene expression and replication at 48 hpi. Based on
these results alone, we cannot conclude whether this is due to a complete
but transient inhibition, which delays the onset of viral gene expression
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and replication, or whether the compounds allowed limited expression
throughout infection, leading to a slow accumulation of viral transcripts/
proteins/DNA at 48 hpi. We also note that the corticosteroids did not
exhibit antiviral activity in MRC-5 cells, or against HAdV-4 and HAdV-7
(data not shown), which emphasizes the importance of validating posi-
tive hits from small molecule screens using multiple cell lines and virus
types. However, further investigation of cytarabine, dexamethasone and
flunisolide as anti-HAdV-5 agents is warranted since all three compounds
displayed higher efficacy with lower MOIs of Ad-late/RFP (Fig. 5 and
S2). In clinical settings, where infection generally occurs at low MOIs,
these compounds may reduce virus replication sufficiently to allow host
immune system a greater opportunity to combat the infection.

In conclusion, the small molecule screening platform we have de-
veloped has the required sensitivity to detect varying degrees of drug-
induced changes in HAdV gene expression and replication, and there-
fore, can be used to efficiently conduct high-throughput screens to
identify modulators of virus growth. This screening system permits the
discovery of new HAdAV inhibitors with different efficacies, including
pre-existing drugs which have already been evaluated for in vivo safety
and pharmacokinetics. Elucidating the mechanism by which these anti-
HAdV compounds (e.g. the cardiotonic steroids, corticosteroids) exert
their effects will not only enhance our knowledge of cellular pathways
that play a role in HAdV lytic infection, but will also enable the iden-
tification of novel pharmacological targets and the development of
more effective antivirals against HAdV.
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