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tration, ICsy) of drugs. In an ideal model, the cellular negative log of ECq,
(pECs) equals the sum of log F;. and the negative log of IC;, (pICs). Here, we
measured F,s of remdesivir, favipiravir, and hydroxychloroquine in various cells
and calculated their anti-SARS-CoV-2 ECgy’s. The predicted ECsy’s are close to
the observed ECsy’s in vitro. When the lung concentrations of antiviral drugs are
higher than the predicted ECyy’s in alveolar type 2 cells, the antiviral drugs inhibit
virus replication in vivo, and vice versa. Overall, our results indicate that both in ‘
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strategy can help medicinal chemists and pharmacologists to screen antivirals
during early drug discovery, especially for researchers who are not able to work in

the high-level biosafety lab.

B INTRODUCTION

The coronavirus disease 2019 (COVID-19) vaccines are
helping avoid people get infected with severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). However, antiviral
drugs are still useful to reduce morbidity and mortality
associated with SARS-CoV-2 infection."” It is imperative to
develop antiviral drugs to end this pandemic. In early drug
discovery, SARS-CoV-2 virus has been used in cell-based assay
and animal study for evaluating the antiviral activity of drugs in
vitro and in vivo.”* SARS-CoV-2 is classified as a Risk Group 3
(RG3) human pathogen, so antiviral experiments should be
conducted in a validated biosafety level 3 (BSL-3) laboratory.
Not all medicinal chemists and pharmacologists who work on
antiviral research have BSL-3 laboratories, and this slows down
the antiviral drug discovery progress around the world.®
Most antiviral drugs target specific viral proteins. These
antivirals, saquinavir and lopinavir as examples, are designed to
directly bind to the viral protease and inhibit virus
replication.”® The in vitro antiviral activity is proportional to
the intracellular drug concentration;”'” the more drug exposed
to the targeting viral protein in the cytoplasm, the less viral
replication in the cell”'® A rapid measurement of the
intracellular bioavailability (F,.) of drugs in cultured cells has
been developed.'' The intracellular unbound drug concen-
tration can be measured as f, .y, whereas the steady-state
intracellular drug accumulation can be measured as KP.”FiC is
obtained by multiplying f, . and KP.Il Moreover, the in vitro

antiviral activity of drugs (pECs,) has been reported to be
predicted by the formula pECyy = pICyy + Log F,. (Figure
1A)."> This formula successfully predicted the in vitro
bioactivity of test compounds, including BACE-1, p38a, and
PKIS inhibitors."?

Drugs can directly bind to the target protein in the
cytoplasm if the target protein is expressed in the host cells.
This can cause less accurate f, . and therefore leads to an
underestimated cellular activity of drugs. However, if the drug
targets the viral protein, we have a good chance to obtain a
more reliable prediction of f, . as well as cellular antiviral
activity. In this study, we used remdesivir (RDV), GS-441524,
favipiravir (FAV), chloroquine (CQ), and hydroxychloroquine
(HCQ) as examples to test if their cellular antiviral activities
can be predicted by their intracellular bioavailabilities and
biochemical activities. This prediction could help scientists
evaluate the in vitro antiviral activity of drugs without using
virus (see the strategy in Figure 1A).

Additionally, the in vivo antiviral activity of drugs can be
predicted by using the similar strategy. SARS-CoV-2 infects
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Figure 1. Strategy of predicting the anti-SARS-CoV-2 activity of antivirals in this study. (A) Flowchart of prediction of in vitro antiviral activity by
the intracellular bioavailability and biochemical activity. (B) Flowchart of prediction of in vivo antiviral activity by the predicted ECg, and lung

concentration.

alveolar type 2 (AT2) cells in the lung."> The antiviral drugs
are supposed to enter AT2 cells and inhibit viral RNA-
dependent RNA polymerase (RdRp) or main protease (MP™)
function in the cytoplasm.'®" Like the in vitro model, the
more drug exposed to the targeting viral protein in AT2 cells,
the stronger antiviral activity in vivo should be observed.'*'
The intracellular bioavailability of antiviral drugs depends on
drug transporters that are involved in the uptake or efflux of
drugs.'® In our in vitro study, the key transporters that
determine intracellular bioavailabilities of RDV, FAV, and
HCQ were characterized. To predict the EC, of drugs in AT?2
cells, we used the F,. of drugs in cells with the similar
expression profile of key transporters to AT2 cells. Here, we
compared the predicted ECsy in AT2 cells with lung
concentrations of RDV, FAV, and HCQ in their animal
studies and predicted in vivo antiviral activities of these three
drugs (see the strategy in Figure 1B). The lung concentration
was identified as the maximum lung tissue concentration
(Cax), whereas the predicted ECy, was identified as the
predicted concentration required to obtain a 50% antiviral
effect in cell-based assay. If the lung C_,, is higher than the
predicted ECy, it suggests that a 50% antiviral effect in the
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lung should be observed, therefore leading to a good antiviral
activity in vivo.

Together, we developed a workflow (Figure 1) to predict
both in vitro and in vivo anti-SARS-CoV-2 activities of RDV,
FAV, and HCQ by their intracellular bioavailabilities and
biochemical activities. The predicted ECyy’s are close to the
observed ECgy’s in vitro. The prediction of in vivo antiviral
activity is evidenced by animal studies. We believe that this
virus-free strategy can help antiviral drug screenings, especially
for scientists who are not able to work in BSL-3 labs.

B RESULTS

Predicting the Anti-SARS-CoV-2 Activity of Remdesi-
vir. Remdesivir (RDV) is a prodrug that is metabolized to its
active form GS-443902, a ribonucleotide analogue inhibitor of
the RARp of SARS-CoV-2 with ICj, at 32 nM (Figure 2A)."
RdARp catalyzes the replication of RNA from an RNA
template.'® Thus, the inhibition of RdRp enzymatic activity
terminates RNA genome replication and viral replication as
well.'”” RDV indeed has been reported to inhibit SARS-CoV-2
replication in cells with ECj, values of 0.07—1.65 uM (Figure
2A).”°7* If RDV inhibits SARS-CoV-2 replication in vitro
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Figure 2. Predicting the antiviral activity of RDV by the corresponding intracellular bioavailability and anti-RdRp activity. (A) The ideal
bioactivation of RDV predominately occurs in vitro. (B) RDV did not significantly alter gene expression in Vero E6, Calu-3, and A549-ACE2 cells.
Cells were treated with or without RDV for 48 h and then collected for bulk RNA sequencing. Volcano plot of gene expression changes (n = 3
biological replicates). Significant genes were called via DESeq2 (P < 0.05 and change of >2-fold). (C) Intracellular bioavailability of RDV and the
corresponding predicted ECy. (D) FPKM of key metabolic enzymes and transporters of RDV. (E) qRT-PCR showed that ABCBI and ABCC4
were highly expressed in Vero E6 cells but not in Calu-3 or A549-ACE2 cells. There was no significant difference in the expression of CTSA and
HINTI in the three cells. Data were processed and displayed as mean + s.e.m. (n = 3 biological replicates) according to the 2742 method. (F)
The P-gp inhibitor or (G) MRP4 inhibitor improved the cellular uptake of RDV in Vero E6 cells. (H) The scRNA-seq data of the mouse lung
(GSE132901) were re-analyzed and visualized by Scanpy. Sftpal was used as an AT2 cell marker. (I) Levels of RDV in the lung of the mouse dosed

with 20 mg/kg RDV and its comparison with predicted in vitro ECgy,.

mainly through its anti-RdRp activity, its cellular pharmaco-
logical response can be predicted by intracellular bioavailability
(F..) and biochemical activity (anti-RdRp ICy).

In addition to directly inhibiting viral proteins, some
antiviral drugs trigger the immune response to inhibit virus
replication.”® For example, baicalin has been found to inhibit
influenza through modulation of innate immune responses.””
We therefore treated Vero E6, A549-ACE2, and Calu-3 cells
with RDV at their ECy, values for 48 h and collected the RNA
for bulk RNA-seq analysis. We found that less than 1% host
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gene expression was significantly changed by RDV (Figure
2B). Interferon (IFN) activations are important for cellular
defense against viruses.”* Increased transcript levels of IFN-
activated genes were observed in SARS-CoV-2-infected cells
compared to mock-infected cells (Figure S1A). However, RDV
was not able to upregulate IFN-activated genes (Figure S1B),
suggesting that the antiviral activity of RDV is independent of
modulating the gene expression of infected host cells.

In an ideal model, cellular pECs, equals the sum of log F;.
and biochemical pICs,."*F’s of RDV in Vero E6, A549-ACE2,

https://doi.org/10.1021/acsomega.2c05376
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Figure 3. Predicting the antiviral activity of GS-441524 by the corresponding intracellular bioavailability and anti-RdRp activity. (A) The ideal
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and Calu-3 cells are 0.02, 0.39, and 0.20, respectively. The
corresponding predicted ECsy’s are 1.35, 0.08, and 0.16 uM,
respectively, which are close to the observed ECyy's (Figure
2C).>°7** Both K, and F,. of RDV in A549-ACE2 are higher
than K, and F;. of RDV in Vero E6 and Calu-3, indicating that
more RDV accumulates within the AS49-ACE2 cells than
others. These data suggest that RDV exhibits the strongest
antiviral activity in the A549-ACE2 cells.

The intracellular unbound drug concentration depends on
metabolic enzymes and transporters.'® The key metabolic
enzymes of RDV are cathepsin A (CTSA) and histidine triad
nucleotide-binding protein 1 (HINT1),*° which are both
highly expressed in Vero E6, AS49-ACE2, and Calu-3 cells
(Figure 2D,E). RDV has been identified as a substrate of p-
glycoprotein 1 (P-gp)”’ and multidrug resistance-associated
protein 4 (MRP4).” P-gp is encoded by the ABCBI gene, and
MRP4 is encoded by ABCC4.”’ According to RNA-seq
analysis, the high expression of ABCBI and ABCC4 was
found in Vero E6 cells (Figure 2D), which was further
evidenced by the qPCR analysis (Figure 2E). In our rescue

assay, both verapamil (P-gp inhibitor) and ceefourin (MRP4
inhibitor) significantly increased RDV accumulation in Vero
E6 cells (Figure 2F,G). Neither verapamil nor ceefourin
changed RDV accumulation in AS549-ACE2 cells (Figure
2F,G). We conclude here that the F,. of RDV depends on the
expression of ABCBI and ABCC4. The P-gp inhibitor
verapamil showed a strong cytotoxicity in Calu-3 cells and
led to the rescue assay technically unavailable.

We then applied scRNA-Seq to test whether these metabolic
enzymes and transporters of RDV are highly expressed in AT2
cells. By curating public scRNA-seq data (GSE132901), we
found that both Ctsa and Hint2 are highly expressed in AT2
cells of the mouse lung, indicating that there are sufficient
metabolic enzymes for RDV biotransformation (Figure 2H).
Meanwhile, Abcbla and Abcblb are barely expressed, whereas
Abcc4 is highly expressed in mouse AT cells (Figure 2H). To
better mimic the antiviral activity of RDV in AT2 cells, the
cells used for in vitro assay should exhibit the high expression
of ABCC4 but low expression of ABCBI. We therefore used
verapamil to suppress ABCBI and block the P-gp function. We
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Figure 4. Predicting the antiviral activity of FAV by the corresponding intracellular bioavailability and anti-RdRp activity. (A) The ideal
bioactivation of FAV predominately occurs in vivo. (B) FAV significantly altered ACE2 expression in Vero E6 cells. Vero E6 cells were treated with
or without FAV for 48 h, and mRNA was collected for bulk RNA sequencing. Volcano plot of gene expression changes (1 = 3 biological replicates).
Significant genes were called via DESeq2 (P < 0.05 and change of >2-fold). (C) FPKM values showed that FAV reduced ACE2 expression in Vero
E6 cells. (D) The downregulation of ACE2 by FAV was confirmed by western blot. (E) Intracellular bioavailability of FAV and the corresponding
predicted ECy. (F) FPKM values of key metabolic enzymes and transporters for FAV. (G) qRT-PCR showed that ABCBI and HPRTI were highly
expressed in Vero E6 cells but not in AS49 cells. Data were processed and displayed as mean + s.e.m. (n = 3 biological replicates) according to the
2784¢ method. (H) The P-gp inhibitor improved the cellular uptake of FAV in Vero E6 cells. (I) The scRNA-seq data of the hamster lung
(GSE162208) were re-analyzed and visualized by Scanpy. Sftpal was selected as the AT2 cell marker. (J) Levels of FAV in the lung of hamster
dosed with 6.25, 12.5, and 25 mg of FAV and their comparison with the predicted in vitro EC,. ip: intraperitoneal injection.

took the F;. of verapamil-treated Vero E6 to predict the ECy,
of RDV in mouse AT?2 cells. The concentration of RDV in the
mouse lung® is lower than the predicted ECs, of RDV in
mouse AT2 cells (Figure 2I and Table S1), indicating that
RDV has little chance to inhibit SARS-CoV-2 replication in
mice. However, RDV has been reported to successfully reduce
virus titer in the lung in the SARS-CoV-2 mouse model.”" We
speculated that most of RDV is transformed to its metabolite
GS-441524 in the circulatory system before RDV gets into the
lung.

45027

Predicting the Anti-SARS-CoV-2 Activity of GS-
441524. Since the in vivo antiviral activity of RDV may
depend on the lung concentration of GS-441524, we further
examined the activity of GS-441524. An intravenous (IV)
injection of RDV in nonhuman primates leads to GS-441524
being present in the bloodstream at concentrations 1000-fold
higher than RDV.* It suggests that GS-441524 is the
predominant metabolite in the plasma before RDV gets into
the lung (Figure 3A). GS-441524 has been confirmed to
inhibit SARS-CoV-2 replication with ECs, from 0.47 to 1.09
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Figure 5. Predicting the antiviral activity of HCQ and CQ_by the corresponding intracellular bioavailability and anti-MP™ activity. (A) HCQ and
CQ_inhibited MP™ activity. The MF™ activity was evaluated by a SARS-CoV-2 MP™ inhibitor screening kit, and ebselen was used as a positive
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ECq,

uM in Vero E6 cells (Figure 3A).>" Like RDV, GS-441524
significantly changed less than 1% host gene expression (Figure
3B), especially for IFN-activated genes (Figure S1B). These
results suggest that the antiviral activity of GS-441524 is
independent of modulating gene expression in Vero E6 cells.
The F,. of GS-441524 in Vero E6 is 0.13, and the
corresponding predicted ECs, is 0.27 uM, which is similar to
the observed ECg, range from 0.47 to 1.09 uM (Figure 3C).%

Unlike RDV, GS-441524 is not a substrate of P-gp or MRP4
(Office of Clinical Pharmacology Review; U.S. Food and Drug
Administration). GS-441524 is catalyzed by cellular adenylate
kinase (ADK) for the conversion of its active drug GS-
443902.°°ADK is expressed in AT2 cells in both rhesus
macaque lung and mouse lung (Figure 3D), indicating that
GS-441524 can be successfully converted to its active drug. In
studies of IV injection of RDV in rhesus macaques’' or mice,*’
GS-441524 is present in the lungs at concentrations 10-fold
higher than its predicted ECy, (Figure 3E and Table S2),
which should lead to the reduction of virus titer in the lungs.
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This prediction is evidenced by the strong antiviral activities of
RDV in both rhesus macaque and mouse.”"”*! Furthermore,
the lung concentration of GS-441524 is also higher than its
predicted ECy, in mice via oral administration of GS-441524.>>
This result indicates that the oral administration of GS-441524
should inhibit SARS-CoV-2 replication in vivo, which has been
confirmed in a mouse model.”

Predicting the Anti-SARS-CoV-2 Activity of Favipir-
avir. Favipiravir (FAV) is another prodrug that is transformed
into its active metabolite favipiravir-ribofuranosyl-5'-triphos-
phate (favipiravir-RTP), an RdRp inhibitor of SARS-CoV-2
with ICyy at ~10 uM.”>* FAV exhibits a mild inhibitory effect
on SARS-CoV-2 replication in Vero E6 cells with ECy, at 65—
400 uM (Figure 4A).*** In bulk RNA-seq analysis, FAV did
not change the expression of IFN-activated genes (Figure
S1B), suggesting that its antiviral activity is independent of
modulating the immune response of the infected host cells.
Interestingly, RNA-seq analysis showed that FAV reduced
angiotensin-converting enzyme 2 (ACE2) expression in Vero
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E6 cells (Figure 4B,C), which was also evidenced by western
blot (Figure 4D). SARS-CoV-2 spike protein directly binds to
ACE2 and is primed by transmembrane serine protease 2
(TMPRSS2), therefore allowing the virus entry.® The
blockade of the interaction between ACE2 and spike protein
or downregulation of ACE2 expression has been reported to
inhibit SARS-CoV-2 replication.”” Recently, reduction of host
ACE2 expression was proved to inhibit SARS-CoV-2
replication in the host cells.”® Thus, downregulation of
ACE?2 is likely to contribute the antiviral activity of FAV, but
the mechanism remains unclear. In addition to acting as an
entry inhibitor of SARS-CoV-2, FAV also exhibited a
comparable inhibitory effect on virus replication in a post-
infection treatment.”” All these data suggest that FAV has a
good chance to inhibit SARS-CoV-2 replication through the
RdRp inhibition.

We then tested whether the cellular antiviral ECy, of FAV
can be predicted by F,. and anti-RdRp ICg,. The F,. of FAV in
Vero E6 cells is 0.03371, and the predicted anti-SARS-CoV-2
ECy, is 297 uM, which is comparable to the observed ECy,
(65—400 uM). FAV also has been reported to inhibit influenza
replication in A549 cells with ECs, at 3 uM.** The F,_ of FAV
in A549 cells is 0.03145, and the predicted anti-influenza ECy,
is 3.2 uM (Figure 4E). Together, we believe that the
combination of F,. and biochemical ICy, can predict the
antiviral activity of FAV in vitro. The key metabolic enzyme of
FAV is hypoxanthine phosphoribosyltransferase 1 (HPRT1),*
which is highly expressed in Vero E6 but not in A549 cells
(Figure 4F,G). Therefore, Vero E6 is more suitable than AS49
cells for evaluating and predicting the antiviral effects of FAV.
FAV also has been identified as a substrate of P-gp,*' and the
P-gp inhibitor verapamil thus increased FAV accumulation in
Vero E6 cells where ABCB1 is abundantly expressed (Figure
4G,H).

P-gp and HPRT1 have been identified as key proteins that
determine the intracellular bioavailability of FAV, and we thus
explored their expression profile in AT2 cells of the hamster
lung. The scRNA-seq analysis shows that Abcbla is barely
expressed in AT2 cells, whereas Hprtl is abundantly expressed
in the AT2 cells of hamster (Figure 4I). We further took the F
of verapamil-treated Vero E6 to predict the ECs, of FAV in
hamster AT2 cells. The concentration of FAV in the lung™ is
higher than the predicted ECsy of FAV in the AT2 cells of
hamster (Figure 4] and Table S3), indicating that FAV has a
good chance to inhibit SARS-CoV-2 replication in hamster.
This prediction is consistent with the report that FAV leads to
a reduction of infectious titers in the lung of hamster.”***

Predicting the Anti-SARS-CoV-2 Activity of Hydroxy-
chloroquine as an Inhibitor of Main Protease. Chlor-
oquine (CQ) and its derivative hydroxychloroquine (HCQ)
have been identified as entry inhibitors that inhibit SARS-CoV-
2 replications in vitro with low micromolar ECgo."** However,
their antiviral activities are abolished by overexpression of
TMPRSS2.*>* Notably, HCQ also has been identified as an
inhibitor of MP® of SARS-CoV-2.*” MP®, known as 3C-like
protease (3CLP™), cleaves the coronavirus polyproteins, giving
nonstructural proteins (NSPs).”® The released NSPs are
involved in replication and transcription of fresh virus in the
host.** Thus, the inhibition of MP™ suppresses the production
of NSPs and then inhibits SARS-CoV-2 replication.*’
Together, as an inhibitor of MP™, we speculate that HCQ
might have a chance to inhibit virus replication even in the
TMPRSS2-overexpressed cells.
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The inhibitory effect of HCQ on MP™ of SARS-CoV-2 is
controversial. Li et al. have identified HCQ_ as a strong MP®
inhibitor with IC, at 2.9 uM.*” However, Ma and Wang found
that HCQ slightly inhibited the MP™ activities at 200 uM.*° In
our assay, HCQ exhibited weak anti-MP™ activities with ICs, at
342 uM (Figure SA), which is partially consistent with Ma and
Wang’s result. CQ_also inhibited MP™ activity with ICy, at 448
uM (Figure SA). Therefore, the weak inhibitory effects of
HCQ on viral MP™ might contribute to its antiviral activity in
vitro (Figure SB).

We next tested whether HCQ could trigger cellular antiviral
responses. The bulk RNA-seq results showed that neither
HCQ nor CQ_significantly altered host gene expression
compared to the control group (Figure SC and Figure S1),
indicating that HCQ_or CQ_did not inhibit virus replications
through the regulation of host gene expression. To further
explore whether HCQ_inhibits virus replications through the
inhibition of viral MF™, we used the formula cellular pECs, =
log F;. + biochemical pICs, to predict the antiviral ECg, of
HCQ as an MP™ inhibitor. The F,’s of CQ and HCQ _in Vero
E6 cells are 0.31 and 0.2, respectively, and the predicted ECyy’s
of CQ and HCQ are 1.45 and 1.70 mM, respectively (Figure
sD).

Since both CQ and HCQ have been identified as substrates
of P-gp,”' it is not surprising that verapamil facilitated
accumulation of both CQ and HCQ_in Vero E6 cells (Figure
SE). We further selected the F,. of verapamil-treated Vero E6
to predict the ECs, of HCQ in the AT2 cells. If the lung
concentration of HCQ can reach the predicted ECsy, HCQ
should have a capability to reduce virus titer in vivo even
though TMPRSS2 is highly expressed in the AT2 cells.
Unfortunately, HCQ_ lung concentrations in hamster*” or
rhesus macaque®” are much lower than the predicted ECs, of
HCQ in the AT2 cells (Figure SF and Table S4), indicating
that HCQ, as an MF™ inhibitor alone, cannot inhibit SARS-
CoV-2 replication in vivo. This prediction is consistent with the
results that HCQ _failed to reduce infectious titers in lungs of
hamster and rhesus macaque.*>****

B DISCUSSION

Insufficient target protein exposure makes drug less effective or
even useless in cells, leading to failure in early drug
discovery.”'® To better evaluate the cellular activity of drugs,
a quick assay has been developed to quantify the intracellular
bioavailability of drugs. This assay allows to predict the drug
cellular response by the formula pECs, = pICs, + Log F,.'” In
this study, we found that in vitro anti-SARS-CoV-2 activities of
antiviral drugs can be successfully predicted by using this
formula. The predicted ECsy’s are close to the observed ECyy’s.
The workflow we developed in this study (Figure 1) enables
scientists to quickly evaluate the antiviral activity of drugs
without using SARS-CoV-2, which is required to be handled in
a BSL-3 lab.

Additionally, we applied this strategy to predict the in vivo
antiviral activity of drugs. Membrane transporters are
important determinants of the intracellular bioavailability of
drugs and play key roles in the drug uptake or efflux.' In this
study, we characterized the expression profiles of key
transporters in both Vero E6 cells and AT2 cells. Some key
transporters, P-gp for an example, are highly expressed in Vero
E6 cells but barely expressed in AT2 cells. RDV, FAV, and
HCQ_have been identified as substrates of P-gp, suggesting
that Vero E6 cells can use P-gp to pump out these antivirals.
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This makes antivirals accumulate more within AT2 cells than
Vero E6 cells. To better mimic the transporter expression
profiles of AT2 cells, we then selected specific inhibitors to
block the function of these transporters of Vero E6 cells and
measured the F,. of antivirals in these “AT2-like” Vero E6 cells.
When the predicted ECy, of drugs in the “AT2-like” cells is
lower than the lung concentrations of drugs, like FAV, the
drugs are likely to reduce SARS-CoV-2 titer in vivo.
Additionally, FAV was found to reduce ACE2 expression.
Since ACE2 is required for coronavirus entry,”” the reduction
of ACE2 expression might also contribute to the antiviral
activity of FAV.

As an MP™ inhibitor, the lung concentration of HCQ is
much lower than its predicted ECs. This is consistent with the
report that HCQ_failed to inhibit SARS-CoV-2 replication in
vivo."”*>>> SARS-CoV-2 infects cells through TMPRSS2-
mediated membrane fusion or cysteine protease cathepsin L
(CTSL)-mediated endocytosis."* The spike protein of SARS-
CoV-2 is activated by the endosomal pH-dependent CTSL."*
HCQ has the capability of increasing endosomal pH, therefore
inhibiting CTSL-mediated endocytosis.”* Unlike CTSL,
TMPRSS2-mediated cell entry is pH-independent, which
cannot be blocked by HCQ."*® Therefore, it is not surprising
that HCQ_lost its anti-SARS-CoV-2 activity in vivo since
TMPRSS?2 is highly expressed in the AT2 cells in both hamster
and rhesus macaque (Figure S2). HCQ has also been reported
to inhibit virus replication through CTSL-independent path-
ways, including the inhibitory effect on MP®.*” Our study
suggests that as an inhibitor of MPF®, HCQ_ still loses its
antiviral activity in vivo due to its low intracellular
bioavailability in the AT2 cells.””>*

RDV has been reported to reduce virus titer in both mouse
and rhesus macaque.”"”' However, in our study, the predicted
ECs, of RDV in the AT2 cells is higher than the lung
concentration of RDV in mice, suggesting that RDV is unlikely
to inhibit virus replication in vivo. Nevertheless, RDV is
hydrolyzed to GS-441524 in the circulatory system.”® The
predicted ECs, of GS-441524 in the AT2 cells is much lower
than the mouse lung concentration of GS-441524. Therefore,
we speculate here that RDV reduces SARS-CoV-2 virus titer in
vivo because of its metabolite GS-441512 rather than RDV
itself. Together, to better evaluate the in vivo antiviral activity
of prodrugs, we believe that the predominant metabolites in
the plasma, instead of the prodrugs, should be tested in vitro in
the preliminary screening,

Overall, our results indicate that both in vitro and in vivo
antiviral activity drugs can be predicted by their intracellular
bioavailability and biochemical activity without using virus.
This virus-free strategy can help medicinal chemists and
pharmacologists to screen antivirals during early drug
discovery, regardless of whether they have high-level biosafety
labs.

B MATERIALS AND METHODS

Compounds, Cell Culture, and Transfections. Vero E6
and AS49-ACE2 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin—streptomycin. In the
case of Calu-3 cells, the medium was also supplemented with
1% non-essential amino acids and 1% sodium pyruvate. All cell
lines were obtained from Otwo Biotech Corporation and
incubated at 37 °C with 5% CO,. Lipo8000 (Beyotime, China)
and pcDNA3.1-ACE2-Flag (Beyotime, China) were used for

transfection. The expression of ACE2 was tested by western
blot (Figure S3). Chloroquine diphosphate salt was purchased
from Sigma-Aldrich (San Louis, MO, C6628; purity, 98.5—
101.0%). Hydroxychloroquine sulfate was purchased from
Sigma-Aldrich (San Louis, MO, 90527; purity, >95%).
Favipiravir was purchased from Topscience (China, T6833;
purity, >98%). Remdesivir was purchased from Cayman
Chemical (Ann Arbor, MI, 30354; purity, >98%). GS-
441524 was purchased from Selleck Chemicals (Houston,
TX, S6814; purity, >99%). All chemicals were analyzed by
HPLC (Figures S4—S8).

Western Blot Analysis. The cells were lysed in RIPA
buffer (Thermo Fisher) on ice for 30 min, and the lysates were
centrifuged at 12,000 rpm for 15 min. Proteins in the cell
lysates were separated by 10% SDS polyacrylamide gel
electrophoresis and electrotransferred to a polyvinylidene
difluoride membrane. Then, the membrane was blocked in a
solution of 5% nonfat milk and incubated overnight with
primary antibodies against ACE2 (AF233S, Beyotime, China)
or f-actin (sc-517582, Santa Cruz, US), followed by
incubation with horseradish peroxidase-conjugated secondary
antibodies for 1 h. Specific bands were detected with
Immobilon Chemiluminescent detection reagent (Millipore)
and photographed with a Gel Doc imager (Bio-Rad, Hercules,
CA).

RT-qPCR Analysis. A549-ACE2 cells were seeded in the
24-well plate (1 X 10° cell per well) and cultured for 48 h.
Vero E6 and Calu-3 were seeded in the 24-well-plate (2 X 10°
cell per well) and cultured for 48 h. The cells were then
washed with phosphate-buffered saline (PBS) and lysed by the
TRIzol reagent (Takara) according to the manufacturer’s
instructions. Reverse transcription was performed by using
PrimeScript RT Master Mix (TaKaRa). RT-qPCR was
performed with TB Green (TaKaRa) using a LightCycler96.
The sequences of primers are listed in Table SS. Data were
processed and displayed according to the 2722¢T method.*®

RNA-Seq and Data Analysis. A549-ACE2, Vero E6, and
Calu-3 cells were seeded in the six-well plate and incubated for
48 h before the addition of drugs. Then, cells were incubated
in DMEM containing antivirals for 48 h before being gathered
and sent to BGI Genomics for RNA extraction and bulk
mRNA sequencing. Libraries were constructed, and paired-end
sequencing was performed according to the manufacturer’s
instructions (Illumina, San Diego, CA, United States). The
cDNA pools were loaded to an Illumina Hiseq2000 sequencer
(Illumina, United States) for sequencing. Both library
construction and RNA-seq were conducted at BGL

Raw sequencing reads (fastq) were quality-checked using
SOAPnuke (v1.5.2).”” Bowtie2 (v2.2.5) was applied to align
the clean reads to the genomes.”® Also, expression levels of
genes were calculated by RSEM (v1.2.12).>" Differential
expression analysis was performed using DESeq2 (v1.4.5)
with P < 0.05.%

Single-Cell Sequencing Analysis. The single-cell RNA-
seq (scRNA-seq) data of the rhesus macaque lung are
visualized by Single Cell Portal - Broad Institute, available
from https:/ /singlecell.broadinstitute.org.61 The scRNA-seq
data of mice (GSE132901)°* and hamster (GSE162208)%
were downloaded from the public Gene Expression Omnibus
(GEO) database and re-analyzed and visualized by Scanpy.®*

Measurements of Intracellular Drug Accumulation.
Cellular uptake was measured in A549, Vero E6, and Callu-3
cells seeded in 24-well plates. Compound solutions were
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diluted in HBSS from DMSO stock solutions to a final
concentration according to drug’s ECs, against SARS-CoV-2
infected cells. Final concentrations of drugs are listed in Table
S6. Before the experiment, cells were washed with prewarmed
(37 °C) HBSS and 500 uL of compound solution was added
followed by incubation at 37 °C on an orbital shaker (65 rpm).
Uptake was stopped after 1 or 2 h by removing the incubated
solutions of the compound. The cells were washed twice with
HBSS and lysed by 500 uL of methanol, followed by 1 min
ultrasonic procession. Samples were centrifuged for 15 min at
12,000 rpm. The supernatants were transferred to 1.5 mL
Eppendorf tubes. Concentrations of CQ and HCQ in
supernatants were quantified by measuring the absorbance in
328 nm; the concentration of FAV in supernatants was
quantified by measuring the fluorescence intensity with
excitation wavelength at 365 nm and emission wavelength at
430 nm. For RDV and GS-441524, concentrations were
measured by a UPLC/MS/MS (Waters Xevo TQD) using an
Agilent ZORBAX Eclipse Plus C18 column (100 mm X 3 mm,
1.8 um). Chromatographic and MS conditions (Table S7)
were previously described by Xie and Wang.*”

The ratio between the total compound concentration in the
cells and the compound concentration in the medium (Kp) at
any time point or concentration was calculated according to:

At/ Vea

C

‘medium

KP =

where A_ is the amount of the compound in the cell lysates,
and V4 is the cell volume. By assuming cells to be spherical in
shape, V_ was calculated according to:

4mr3

Xn

cell =

where 1 is the number of cells. A549, Vero E6, and Calu-3’s
diameters were estimated to be 14, 17, and 20 um, respectively.
All experiments were performed with three to four
replicates.”>®°

Measurements of Intracellular Unbound Drug Frac-
tion. Cells were harvested from T75 flasks using 0.25%
trypsin—EDTA and then centrifuged at 1000 rpm for 5 min.
Cell pellets were washed with HBSS and centrifuged at 1000
rpm for 5 min. After discarding the supernatant, the pellets
were resuspended with HBSS to a specific concentration listed
in Table S8 to achieve D = 100. These suspensions then
underwent three freeze—thaw cycles to produce a cell
homogenate. Dialysis was performed by using a Rapid
Equilibrium Dialysis device (Thermo Fisher Scientific Inc.).
One hundred microliters of cell homogenates spiked with drug
was added into a homogenate chamber, and 350 uL of HBSS
was added into a buffer chamber. The dialysis device was
incubated at 200 rpm on an orbital shaker for 4 h at 37 °C. At
the end of the incubation, 10 uL of sample from both the
homogenate and buffer chamber was transferred to an
Eppendorf tube containing 380 uL of methanol. Ten
microliters of blank HBSS or cell homogenates was also
added into this Eppendorf tube to eliminate the volume
difference caused by sediments. Tubes were placed on ice for
30 min for proteins to be fully precipitated and then
centrifuged at 12,000 rpm for 15 min. The concentration of
drugs in the supernatant was quantified in aforementioned
ways.
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The unbound drug fraction in the cell homogenate (f,om)
was calculated according to:

Chom
fu hom =

’ Cbuffer

where Cpg., is the compound concentration in the buffer
chamber, and Cj, is the compound concentration in the
homogenate chamber. The unbound drug fraction in the cell
(fu,cen) was calculated after correcting for homogenate dilution
according to:

1
Foen = DUf )

,hom

D was adjusted to be 100 by diluting different cells into
suspensions with different concentrations. The unbound
fraction of each compound was measured in triplicates.

Identification of Inhibitory Effects of CQ/HCQ against
SARS-CoV-2 MP™, SARS-CoV-2 MP™ inhibitor screening kit
(P0312S, Beyotime, China) was used to measure inhibitory
effects of CQ/HCQ_against SARS-CoV-2 MP™. To be specific,
592 nM enzyme, 400 uM substrate, and different concen-
trations of CQ/HCQ or ebselen (positive control) were added
into different wells. The final concentrations of ebselen were
0.01, 0.1, 0.25, 0.5, and 1 uM. The final concentrations of
HCQ/CQ were 10, 100, 250, 500, 1000, and 2000 uM.
Compound solution (5 uL) was added into 47 uL of MP™-
containing buffer, and then the solutions were incubated at 37
°C for 10 min. The reaction was initiated by adding 48 uL of
substrate-containing buffer. Fluorescence intensity was moni-
tored every minute. The initial four measurements were used
to calculate the slope through linear regression and converted
to enzyme activity.

Cytotoxicity. Cell Counting Kit-8 (CCK8) (Dojindo,
Kumamoto, Japan) was used for detection of cytotoxicity.
AS549, Vero E6, and Calu-3 cells were seeded in a 96-well plate
and cultured for 24 h. Then, antiviral drugs then were added
into a 96-well plate. After 48 h incubation, 10% CCKS solution
was added and incubated for 15 min. Absorbance was
measured at 450 nm.

Statistical Analysis. The data are presented as mean +
SEM, and statistical comparisons were performed using two-
sided Student’s t-test at ***P < 0.001, **P < 0.01, or *P <
0.0S. RNA-seq-related statistical analysis was done with the
embedded statistics in the DESeq2 package. P < 0.05 (95%
confidence interval) was considered statistically significant.
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