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Antiviral drug development for coronavirus disease 2019
(COVID-19) is occurring at an unprecedented pace, yet there
are still limited therapeutic options for treating this disease.
We hypothesized that combining drugs with independent
mechanisms of action could result in synergy against SARS-
CoV-2, thus generating better antiviral efficacy. Using in silico
approaches, we prioritized 73 combinations of 32 drugs with
potential activity against SARS-CoV-2 and then tested them
in vitro. Sixteen synergistic and eight antagonistic combina-
tions were identified; among 16 synergistic cases, combinations
of the US Food and Drug Administration (FDA)-approved
drug nitazoxanide with remdesivir, amodiaquine, or umifeno-
vir were most notable, all exhibiting significant synergy against
SARS-CoV-2 in a cell model. However, the combination of re-
mdesivir and lysosomotropic drugs, such as hydroxychloro-
quine, demonstrated strong antagonism. Overall, these results
highlight the utility of drug repurposing and preclinical testing
of drug combinations for discovering potential therapies to
treat COVID-19.

INTRODUCTION
At the start of the coronavirus disease 2019 (COVID-19) pandemic,
few antiviral drug combinations were explored as options for treating
the disease despite past evidence that show they are especially effec-
tive in treating viral diseases. Namely, drug combinations are useful
in treating viral infections due to the fact that they can substantially
lower the risk of the development of resistance to any one drug.1

Additionally, the antiviral action of the combination may be stronger
than either drug alone, a phenomenon known as synergy. Antiviral
synergy has been previously illustrated in combinations tested against
Ebola and other viruses.2 Often the reason why synergism occurs re-
mains unclear—it is difficult to provide explanations for existing syn-
ergistic/antagonistic drug combinations without prior, extensive,
experimental investigations.3

Some evidence suggests that combinations of antiviral drugs are more
likely to be synergistic if they (1) are of different classes, (2) have in-
dependent mechanisms of action, or (3) act upon different stages of
the virus life cycle.1,4 Not only could the drugs under study work
through a mechanism of action (MoA) that directly inhibits portions
of the viral life cycle, they could also interact with components of
Molecular Therapy Vol. 29 No 2 Februar
host-regulated pathways involved in viral replication to hinder viral
replication. For example, arbidol and its analogs have been noted to
disrupt the interaction between the spike glycoprotein of the SARS-
CoV-2 and its host receptor ACE2, as well as the host proteases furin
and TMPRSS2, which are important in proteolytic activation of the
virus.5,6 According to ClinicalTrials.gov, though there have been
many compounds tested against SARS-CoV-2 in vitro, many of these
drugs are only being evaluated as single agents in enzymatic and
cellular assays to determine antiviral activity.7 Comparatively, there
has been limited systematic screening of drug combinations.8

Meanwhile, the situation in clinical trials is somewhat different. Of
the 2,844 clinical trials relevant to COVID-19 as of July 31, 2020,
ca. 150 describe drug combinations. However, many of these trials
evaluate the same combinations, e.g., lopinavir-ritonavir and azithro-
mycin-hydroxychloroquine. Perhaps the earliest, most noteworthy
antiviral drug combination was lopinavir-ritonavir—a phase II trial
for a triple antiviral therapy combining interferon-b1b, lopinavir-ri-
tonavir, and ribavirin was shown to shorten the duration of viral
shedding and hospital stay in patients with mild to moderate
COVID-19.9 However, another study assessing the effectiveness of lo-
pinavir-ritonavir alone in treating COVID-19 found that its adminis-
tration in COVID-19 patients had no benefit.10 As of July 31, 2020, no
combination therapy has yielded positive results in phase III random-
ized clinical trials.11

There are many ongoing or upcoming clinical trials testing combina-
tions to treat COVID-19, but few have undergone extensive preclin-
ical studies prior to their application on patients. Due to a lack of such
studies, more information is needed on the combinatorial use of ex-
isting drugs against SARS-CoV-2 in order to (1) more efficiently
y 2021 ª 2020 The American Society of Gene and Cell Therapy. 873
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prioritize synergistic combinations for translation into clinical use
and (2) flag antagonistic combinations for further preclinical evalua-
tion prior to clinical trials. To this point, we used data- and text-min-
ing approaches to propose drug combinations for repurposing against
SARS-CoV-2,12 operating on the assumption that combinations of
drugs with differing mechanisms might exhibit synergistic activity.
The goal of this study is to report the antiviral activity, synergy,
and antagonism of 73 binary combinations of 31 drugs identified
earlier12 as demonstrated in an in vitro SARS-CoV-2 cytopathic assay.
RESULTS
Performance of Matrix Screening

In total, we screened 73 pairwise combinations in a 6� 6 dose matrix
format, which involved two biological batches (cell and SARS-CoV-2
virus) and two assays (cytopathic effect and cytotoxicity against Vero
E6 cells) across 42 384-well plates including replicates (Tables S1 and
S4). The Z0 factor was robust across batches and assays (all Z0 > 0.7;
Figure 1A). Each batch was assessed by a benchmark compound
collection including five known antivirals, performed in biosafety
level-3 (BSL-3). We did not observe significant drift of potencies or
efficacies between batches, except for hydroxychloroquine, which
consistently resulted in inconclusive dose-response curves (Figures
1C–1G; Table S2). In addition, we performed a third QC to check
the reproducibility across all available replicates in CPE (cytopathic
effect) or Tox (toxicity) assays (Figure 1B). CPE activity showed a
biphasic trend between median activity and standard deviation:
most reproducible (SD < 20) when activity is extreme (activity < 20
or > 75) but less reproducible in between (Figure 1B, � points).
This is probably due to the high sensitivity to technical/biological var-
iations when the concentration is close to the EC50 (half maximal
effective concentration). This biphasic reproducibility of CPE activity
also highlights the importance of using a dose matrix, instead of a sin-
gle dose combination, to enhance the confidence of synergism/antag-
onism findings. In contrast, Tox activity is highly reproducible
regardless of the median activity (Figure 1B, ✕ points).
Overview of Hits

Since synergism and antagonism might occur simultaneously in a
concentration-dependent manner, we employed the highest single
agent (HSA) synergy model and analyzed synergism and antago-
nism separately (Figure 2). Within 73 binary combinations of 32
compounds, we identified 16 synergistic and 8 antagonistic combi-
nations, four of which displayed both synergistic and antagonistic
interactions at different compound concentrations (Figures 3
and 4). There are 29 combinations with inconclusive determinations
that require additional validation due to cytotoxicity or the rough-
ness of the activity landscape (see Materials and Methods). A sum-
mary of the screening result is available in Table S4. A map of drug
Figure 1. Performance of Matrix Screening

(A) Z0 factor on different assays (CPE or Tox) and biological batches. (B) Reproducibility

replicates (n) may vary, e.g., more single-agent replicates were performed due to matrix s

at a different site. (H) Layout of a 6 � 6 dose matrix. Wells with (or without) bold borde
combinations depicting their synergism/antagonism outcomes is
shown in Figure 4.

Next, we investigated whether antiviral synergism or antagonism is
attributable to combination of different MoAs. A previous study
demonstrated that synergism/antagonism is predictable based on
MoA in an oncology screening.13 Unfortunately, we found limited ev-
idence of MoA-associated synergism/antagonism (up to 10 mM) for
SARS-CoV-2 (Figure 5). The most antagonistic MoA combination
came from the combination of remdesivir (an RNA-dependent
RNA polymerase [RdRp] inhibitor) and an antimalarial drug, in
which three (hydroxychloroquine, amodiaquine, and mefloquine)
out of four appeared to be antagonistic (Figure 2). However, the
current data is insufficient to conclusively infer any MoA-associated
synergism/antagonism.

Antagonism between Remdesivir and Lysosomotropic Agents

Most notably, our results demonstrate a strong antagonistic effect be-
tween remdesivir and the antimalarial drugs hydroxychloroquine,
mefloquine, and amodiaquine (Figure 3). The most striking antago-
nism was observed in the combination of the only two drugs ever
approved with US Food and Drug Administration (FDA) emergency
use authorization (EUA) to treat COVID-19: hydroxychloroquine
and remdesivir (the EUA for hydroxychloroquine has since been
withdrawn by the FDA). Our results showed that 10 mM hydroxy-
chloroquine could completely extinguish the antiviral activity of
remdesivir in vitro. The antagonistic effect exerted by hydroxychlor-
oquine could be observed at a concentration as low as 0.37 mM
(Figure 3A). Other aminoquinoline drugs, mefloquine (Figure 3B)
and amodiaquine (Figure 3C), showed similar antagonism at low
concentrations, but they could synergize with remdesivir at high
concentrations.

Likewise, we observed a similar antagonism against remdesivir from
another drug with a tertiary amine moiety, umifenovir (Arbidol), at
low concentrations (123–370 nM; Figure 3D). Umifenovir synergized
with remdesivir at high concentrations (3–10 mM). Hydroxychloro-
quine, mefloquine, and amodiaquine are known lysosomotropic
agents,14 and umifenovir is a lipophilic weak base (cLogP = 5.5), sug-
gesting an association between reduced antiviral efficacy of remdesi-
vir by lysosomotropic amines.

To further investigate the mechanism, we tested GS-441524 (a remde-
sivir analog absent of McGuigan prodrug moiety) to see if antagonism
could be maintained. Both GS-441524 (5 mM) and remdesivir
(20 mM) alone completely rescued the cytopathic effect (CPE z 0)
by SARS-CoV-2. However, hydroxychloroquine (0.625–10 mM), mef-
loquine (0.625–1.25 mM), and amodiaquine (0.625–5 mM) signifi-
cantly antagonized against remdesivir, but notGS-441524 (Figure 3E).
across all replicates (defined as a compound at certain concentration). Number of

etting. (C–G) Dose response curves from an independent benchmark set performed

r represent dose combination (or single agent alone).
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The non-lysosomotropic amine drug oseltamivir (cLogP = 2.1)
demonstrated no antagonism with remdesivir (Figure 3E). Our
results suggest that lysosomotropic agents antagonize remdesivir by
impairing its upstream activation (e.g., esterase-mediated hydrolysis)
rather than the formation of triphosphate active agent.

Synergism between Nitazoxanide and Remdesivir,

Amodiaquine, or Umifenovir

Among 16 synergistic combinations, we observed an enrichment of
nitazoxanide, an FDA-approved broad-spectrum antiviral and anti-
parasitic drug. The three most synergistic combinations with nitazox-
anide, i.e., nitazoxanide + remdesivir/umifenovir/amodiaquine are
shown in Figure 6. A complete rescue of CPE could be observed
from 0.625–5 mM of nitazoxanide when combined with remdesivir/
umifenovir/amodiaquine, where any of these drugs alone could
only achieve a maximum 40%–60% rescue (Figures 6A–6C). Nitazox-
anide is not cytotoxic when concentration is below 5 mM. However,
we observed a mild toxicity (�20%) of nitazoxanide to Vero E6 cells
at 10 mM (Table S3), which may explain the vanishment of synergy at
this concentration.

DISCUSSION
Combining modern computational techniques and experimental ap-
proaches, we have identified 16 synergistic antiviral combinations
in vitro (Figure 2). Somewhat unexpectedly, our results also revealed
an antagonism between remdesivir and hydroxychloroquine, the two
drugs approved with FDA EUA for COVID-19 (the EUA for hydrox-
ychloroquine has since been revoked, as of June 15, 2020). Other
lysosomotropic agents, such as mefloquine, amodiaquine, and umife-
novir, also antagonize remdesivir, suggesting a general mechanism.
These findings demonstrate the importance of preclinical research
investigating antiviral drug combinations prior to their application
in patients, as well as the utility of data- and text-mining approaches
to explore MoAs underlying synergism/antagonism within the
context of COVID-19. Lack of preclinical studies on combinations
prior to their administration in patients may significantly increase
the risk of antagonism and undesirable side effects. The matrix
screening platform presented in this study is an efficient, data-driven
method for prioritizing synergistic combinations and flagging unde-
sirable pharmacological interactions.

Remdesivir is a nucleotide analog McGuigan prodrug, which inhibits
SARS-CoV-2 RdRp through inducing delayed chain termination.15

Although the key enzymes required to activate remdesivir into the
active triphosphate form have not been fully revealed, we hypothesize
that remdesivir shares, at least partially, a similar activation pathway
with GS-465124, a metabolite from nucleotide prodrug GS-6620 for
hepatitis C virus, based on the chemical similarity (Figure 7).16
Figure 2. Summary of Synergism or Antagonism across 73 Combinations

Due to biphasic dose response, synergism was separated from antagonism. Synergis

(Tox > 50%) and vice versa. The size of circle reflected the confidence of the observed s

inconclusive blocks (nnon-toxic < 25 or rough activity landscape) were shown in transparen

antagonism (100). Blue arrows highlighted the combinations between remdesivir and t
Both remdesivir and GS-465124 are adenosine-like phosphorami-
dates, with the only difference being a methyl group on the 20 pentose
ring. Therefore, remdesivir is also likely to be hydrolyzed into alanine
metabolite (GS-704277) intracellularly by cathepsin A, akin to GS-
465124.16 Since cathepsin A is an acidic pH-dependent serine prote-
ase strictly located in lysosome, the lysosomotropic agents such as
hydroxychloroquine may reduce the amount of monophosphate in-
termediate by increasing lysosomal pH.17 This mechanism is in line
with our finding that lysosomotropic agents do not antagonize
GS-441254, which does not need cathepsin A for activation (Figures
3E and 7). More mechanistic studies of remdesivir are in progress at
NCATS, utilizing label-free mass spectra to elucidate the exact mech-
anisms underlying this striking antagonism.

We have observed a notable synergism for combinations of nitazox-
anide with remdesivir, umifenovir, or amodiaquine (Figure 6).
Nitazoxanide is an FDA approved, bioavailable, broad-spectrum
anti-infective drug, which recently has been investigated for use
against SARS-CoV-2 owing to its previously established anticorona-
viral activities.18 It was originally identified as a potential antiviral
drug-repurposing candidate against SARS-CoV-2 with an IC50 of
about 2 mM in a focused compound screening including remdesivir
and chloroquine.19 Previous studies have suggested a complex anti-
viral mechanism for nitazoxanide, including activating retinoic-
acid-inducible protein I (RIG-I) signaling20 and blocking entry
distinct from that of endosomal pH-neutralizing agents.21 The con-
centration at which we observed synergy with remdesivir (>1.25 mM,
equivalent to 0.383 mg/L) is achievable in plasma and lung trough
even at low dose.22 Nitazoxanide is well tolerated, and there is no
report of any significant adverse effects from healthy adults.23 As
of July 31, 2020, ClinicalTrials.gov shows 17 clinical trials using ni-
tazoxanide to treat COVID-19, either in combination with other
drugs (ivermectin, hydroxychloroquine, atazanavir) or as a stand-
alone therapy. Recently, a randomized placebo-controlled trial of
392 participants has demonstrated modest efficacy of nitazoxanide
with respect to 7-day viral load and symptom resolution in an
outpatient setting.24 Therefore, the combination of nitazoxanide
with remdesivir (or its metabolite GS-441524) looks the most prom-
ising from a clinical perspective because both drugs would poten-
tially be available for use for the treatment of COVID-19 (nitazox-
anide is FDA approved and remdesivir has an EUA).

Despite the synergism and antagonism demonstrated by drug combi-
nations reported in this study, we emphasize that these results require
further validation. Vero E6 cells do not express the serine proteases
TMPRSS2/4, the two proteases crucial for viral entry through the
early membrane fusion pathway.25 Vero E6 also expresses P-glyco-
protein (P-gp),26 indicating the observed synergy could be simply
m is calculated as the sum of HSA.neg values from non-toxic dose combinations

ynergism/antagonism (bigger circle = less doses were excluded due to toxicity). The

t points and lines. Two dashed lines indicated the cutoff of HSA synergism (�100) or

ertiary amine compounds from conclusive blocks.
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Figure 4. Heptagonal Polygonogram Depicting Some of the Binary Combinations Tested in the Study

Degrees of synergism/antagonism were ascertained from Figure 3. The definitions were defined based on the degree of HSA synergism/antagonism determined in the

CPE assay.
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due to P-gp inhibition, which enhances the exposure of remdesivir
in vitro. Likewise, it has been noted that while working with SARS-
CoV-2, passaging repeatedly through Vero E6 cells can result in the
Figure 3. Matrix Blocks from Remdesivir + Amine Drugs in CPE Assay

The activity was normalized so that 100 corresponded to full cytopathic effect and 0 corr

the partner compound. Blue arrow, the concentrations that antagonize against the partn

(B) mefloquine, (C) amodiaquine, (D) arbidol. (E) CPE data from single-dose combination

12 and ncombination = 3). The lower and upper box hinges correspond to the first and thi

quartile range).
deletion of a putative furin-cleavage site in the spike glycoprotein of
the virus.27 This is problematic, as this furin-cleavage site has been
noted to be important in determining the host range and pathogenesis
esponded to no cytopathic effect. Red arrow, the concentrations that synergize with

er compound. Chemical structures were shown on the right. (A) Hydroxychloroquine,

(5 mMGS-441524 or 20 mM remdesivir ± amine compounds; nsingle-agent RdRp inhibitor =

rd quartiles, and the whiskers extend from upper or lower hinges to 1.5 * IQR (inter-
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Figure 5. Summary of Synergism or Antagonism over Different Mechanism of Action (MoA) Combination

Inconclusive blocks or singleton MoA were excluded. Two dashed lines indicated the cutoff of HSA synergism (�100) or antagonism (100). The lower and upper box hinges

correspond to the first and third quartiles, and the whiskers extend from upper or lower hinges to 1.5 * IQR (inter-quartile range).
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of SARS-CoV-2;28,29 thus, this mutation could produce in inconclu-
sive results in CPE studies performed in this cell line. Thus, all syner-
gistic and antagonistic combinations need to be verified in other cell
lines to determine how penetrant the reported synergies are, for
example, in a TMPRSS2/4-expressing cell line or primary airway
cell model. The synergy between amodiaquine and nitazoxanide in
Vero E6 may not translate to Calu-3 (TMPRSS2+) where single-agent
amodiaquine is >10-fold less potent.25 Moreover, the observed syner-
gism/antagonism, especially those occurring only at high concentra-
tion (e.g., umifenovir, maximum serum concentration [Cmax] =
467 ng/mL, equivalent to 0.98 mM30), may not be achievable in vivo
due to complex pharmacokinetics. Meanwhile, antagonism
sometimes can be circumvented by altering dosing schedule or
formulation. Therefore, more in-depth in vivo validation and phar-
macokinetic modeling are still necessary.

Principally, these findings suggest that lysosomotropic agents such as
hydroxychloroquine should be prescribed and used with increased
caution in COVID-19 patients due to their relatively long half-life
(usually weeks). This is consistent with a statement issued by the
FDA on June 15, 2020, warning that combinations of chloroquine/
hydroxychloroquine with remdesivir may reduce the antiviral effec-
tiveness of remdesivir against SARS-CoV-2. In regard to the possible
clinical relevancy of any of the synergistic drug combinations discov-
ered herein, it is important to note that many of these (e.g., remdesivir
and mefloquine, amodiaquine, or umifenovir) are dose dependent,
demonstrating antagonism at lower concentrations and synergism
at higher concentrations. This is relevant to any clinical dosing
regimen that could be derived for these drugs, as determining an
appropriate dosing combination is likely more difficult in vivo than
the in vitro studies presented here. Additionally, higher concentra-
tions of these drugs in combination could result in more exaggerated
or markedly different biological/cytotoxic effects than those observed
in vitro. Thus, we suggest that testing of these drug combinations in
animal models of SARS-CoV-2 should be tried after further valida-
tion in different human cell lines.
880 Molecular Therapy Vol. 29 No 2 February 2021
Of the binary combinations tested, we identified 16 synergistic and
8 antagonistic combinations, with four of them exhibiting both
synergy and antagonism. All together, our findings demonstrate
the utility of in silico tools for rational selection of drug combina-
tions, the importance of preclinical testing of drug combinations
prior to their administration in patients, and the overall promise
of using drug repurposing and combination therapies against
SARS-CoV-2.

MATERIALS AND METHODS
Experimental Design

A detailed description of our study design is provided in our recent
paper12 and is also outlined in Figure 8. In the beginning, we applied
a combination of text mining (Chemotext),31 knowledge mining
(ROBOKOP/COVID-KOP knowledge graphs),32,33 and machine
learning (QSAR)34 tools to identify existing drugs with possible activ-
ities against SARS-CoV-2. Thus, we first identified a list of 76 individ-
ual drug candidates for repurposing in combination therapy against
COVID-19. These drugs could result in 2,850 unique binary combi-
nations. From this selection of possible combinations, we then prior-
itized combinations of drugs with different mechanisms of action
and/or targeting the virus at different stages of its life cycle, which in-
creases the probability of synergy between drugs.8,35 The rationale
behind combination selection is depicted in Figure S1 through the
example of umifenovir and emetine, which are suspected to act
upon different stages of the viral life cycle. A combination of in silico
tools such as Chemotext,31 the recently developed COVID-KOP, and
QSAR models of major drug-drug interactions36 were used to deter-
mine if compounds had been previously tested together and if any
negative drug-drug interactions were to be expected. Analyzing the
result obtained using these tools, we finally prioritized 73 combina-
tions of 32 drugs for testing in vitro against SARS-CoV-2. It should
be noted that in addition to these, we also identified 95 ternary com-
binations of 15 drugs in silico, which will be described in a future
study. A brief description of the aforementioned computational tools
is provided below.
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In Silico Tools

Chemotext

Chemotext is a publicly available web server that mines the published
literature in PubMed in the form of medical subject headings (MeSH)
terms.31 One capability of Chemotext is finding papers that share two
search terms, in this case, the MeSH terms of compound #1 and com-
pound #2, and returning papers that contain both these MeSH terms.
Molec
These shared MeSH terms, depicting proteins,
chemicals, etc., allow us to hypothesize on
how these two compounds may be connected,
namely via shared biochemical pathways dis-
cussed in these common papers. Chemotext
was used for elucidation of the relationships be-
tween drugs, protein targets, SARS-CoV-2, and
COVID-19 from the papers’ annotated MED-
LINE/PubMed database.

ROBOKOP37 and COVID-KOP33

ROBOKOP is a data-mining tool developed
within Biomedical Data Translator Initiative38

to efficiently query, store, rank, and explore
sub-graphs of a complex knowledge graph for
hypothesis generation and scoring. We have
used ROBOKOP in a similar fashion as Che-
motext; Chemotext can help the user to find
and impute the connections among drugs, tar-
gets, and diseases, and ROBOKOP can help
explore and score them. COVID-KOP, a new
knowledge base integrating the existing
ROBOKOP biomedical knowledge graph with
information from recent biomedical literature
on COVID-19 annotated in the CORD-19
collection,39 was developed midway through
the project and was subsequently utilized
instead of ROBOKOP.

QSAR Models

QSAR models developed by us earlier were
used for selection of drugs40,41 that could be
repurposed as combinations and exclusion of
potential drug-drug interactions and side ef-
fects.36 All models were developed according
to the best practices of QSAR modeling,34,42,43

with special attention paid for data cura-
tion44–46 and rigorous external validation.47

Mixture-specific descriptors and validation

techniques48 specially developed for modeling of drug combinations
were utilized for modeling of drug-drug interactions.36

Assay Protocols

All the protocols and results are freely available to the scientific
community at https://opendata.ncats.nih.gov/covid19/matrix.49 In
brief, 30 nL of each compound in DMSO was acoustically
dispensed into assay-ready plates (ARPs). Media was then added
ular Therapy Vol. 29 No 2 February 2021 881
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Figure 7. The Putative Mechanism of the
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to the plates at 5 mL/well and incubated at room temperature to
dissolve the compounds. Vero E6 cells (selected for high ACE2
expression) were premixed with SARS-CoV-2 (USA_WA1/2020)
at a MOI of 0.002 and were dispensed as 25 mL/well into
ARPs within 5 min in a BSL-3 lab. The final cell density was
4,000 cells/well. The cells and virus were incubated with com-
pounds for 72 hr, then viability was assayed by ATP content using
CellTiter-Glo (Promega).

For the cytotoxicity assay, ARPs were prepared in the same way as
for CPE assay. Then, 5 mL/well of media was dispensed into
assay plates. Vero E6 cells, suspended in medium, were dispensed
into assay plates at 25 mL/well for a final cell density of 4,000 cells/
well. Assay plates were incubated for 72 hr at 37�C, 5% CO2, 90%
humidity, before viability was assayed by ATP content using Cell-
Titer-Glo (Promega).

ARP Production

To generate the compound source plate, a Perkin-Elmer Janus
automated workstation was used to transfer compounds from
1.4 mL matrix 2D barcode tube (sample tube) to the individual
wells of Echo Qualified 384-well polypropylene microplate 2.0**,
along with positive and neutral (DMSO) controls (Labcyte,
San Jose, CA, USA). The plates were centrifuged for 2 min at
882 Molecular Therapy Vol. 29 No 2 February 2021
100 � g. A comma-separated file was gener-
ated that contained the unique plate and well
pairings for each of the compound matrix
blocks for the Labcyte acoustic dispenser (Lab-
cyte, San Jose, CA, USA). Compounds were
dispensed to generate ARPs using an access
laboratory workstation with dual Echo 655
dispensers (Labcyte). Each plate was sealed
with a peelable aluminum seal, remaining
covered until the initiation of the biological
assay, frozen at �80�C until used for
screening.

Data Analysis

CPE and Tox activity were normalized using
independent control wells on each plate, so
activity values were not strictly bounded between
[0, 100]. For CPE assay, DMSO + virus was
treated as the neutral control, whereas DMSO-
only (no virus) served as the positive control. A
calpain inhibitor IV was used as batch
control (2mg/mLfinal assay concentration). NormalizedCPE activity=
1 � (x - neutralCtrl)/(positiveCtrl � neutralCtrl) � 100%. For Tox
assay, DMSO-only was used as the neutral control and media-only
wells (no cell) as the negative control. Normalized Tox activity = (x
� negativeCtrl)/(neutralCtrl � negativeCtrl) � 100%. Plate-level
data was pivoted to block-level data, and replicates were median
aggregated.

Synergism and antagonism from a 6 � 6 block were
evaluated using the HSA model.50 Given a dose combination
Aconc1 + Bconc2,

HSAðAconc1 +Bconc2Þ = activityðAconc1 +Bconc2Þ
-- MINfactivityðAconc1Þ; activityðBconc2Þg:

Therefore, we have

Synergism, HSA(*) < 0

Antagonism, HSA(*) > 0

Additivity, HSA(*) = 0.

To account for dose-dependent synergism and antagonism, we
analyzed the negative HSA (HSA.neg) and positive HSA (HSA.pos)



Figure 8. Study Design for Selecting Possible

Synergistic Drug Combinations

In this study, we report only 73 binary combinations; 95

ternary combinations identified in a similar fashion will be

reported in a future study.
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separately. The overall synergism (or antagonism) given a 6 � 6
block was calculated as the sum of all negative (or positive)
HSA(Aconc*+Bconc*) across the non-toxic dose combinations
(defined as Tox activity > 50).

Since variation of CPE activity is heteroscedastic (Figure 1B),
which made it more difficult to ascertain the reproducibility
of synergy/antagonism (given limited resources), we evaluated the
smoothness of the 2D activity landscape. Smoothness was calculated
as the root-mean-square deviation (RMSD) between the actual and
Gaussian smoothed (s = 2) landscape. If a block had RMSD (observed,
Gaussian smoothed) > 20 or < 25 non-toxic CPE values, inconclusive
synergism/antagonism was recorded. Otherwise, synergism and/or
antagonism were recorded if HSA.neg < �100 and/or HSA.pos > 100.
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