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ABSTRACT: Pyronaridine, tilorone and quinacrine are cationic molecules —\
that have in vitro activity against Ebola, SARS-CoV-2 and other viruses. All
three molecules have also demonstrated in vivo activity against Ebola in
mice, while pyronaridine showed in vivo efficacy against SARS-CoV-2 in
mice. We have recently tested these molecules and other antivirals against Y\J ) P
human organic cation transporters (OCTs) and apical multidrug and toxin [ == HNﬂwvwr\/ Pop
extruders (MATEs). Quinacrine was found to be an inhibitor of OCT2, ~ J\[A\vo\ MATEf
while tilorone and pyronaridine were less potent, and these displayed i C,JvIN//f\,;

variability depending on the substrate used. To assess whether any of these OAT1
three molecules have other potential interactions with additional OAT3
transporters, we have now screened them at 10 M against various
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human efflux and uptake transporters including P-gp, OATP1B3, OAT],
OAT3, MRP1, MRP2, MRP3, BCRP, as well as confirmational testing
against OCT1, OCT2, MATE1 and MATE2K. Interestingly, in this study
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tilorone appears to be a more potent inhibitor of OCT1 and OCT?2 than “ i
pyronaridine or quinacrine. However, both pyronaridine and quinacrine
appear to be more potent inhibitors of MATE1 and MATE2K. None of the
three compounds inhibited MRP1, MRP2, MRP3, OAT1, OAT3, P-gp or OATP1B3. Similarly, we previously showed that tilorone
and pyronaridine do not inhibit OATP1B1 and have confirmed that quinacrine behaves similarly. In total, these observations suggest
that the three compounds only appear to interact with OCTs and MATEs to differing extents, suggesting they may be involved in
fewer clinically relevant drug-transporter interactions involving pharmaceutical substrates of the other major transporters tested.

B INTRODUCTION

The search for broad spectrum antivirals may benefit from
alternative approaches to high-throughput screening. A recent
computational approach was taken with a published high-
throughput screen of 868 molecules tested in a viral
pseudotype entry assay and an Ebola virus (EBOV) replication
assay."”” This Bayesian model enabled virtual screening of 2320
compounds and identified three active compounds: tilorone,
quinacrine and pyronaridine’ (Figure 1). Recombinant,
infectious EBOV encoding GFP was then used for testing
the efficacy of compounds using HeLa cells and all had
nanomolar ECg, values.” These three molecules were later
found to be active in the mouse model of EBOV infection and
provided substantial insights into their mechanism of
action.”™"" These three molecules were further assessed
against 3 EBOV strains and 2 Marburg virus isolates.” All
block the entry stage of infection in a pseudotype assay for
EBOV.® The pyronaridine mouse EBOV efficacy study also
provided preliminary insights into how pyronaridine may
possess antiviral activity, as cytokine and chemokine panels
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suggested immunomodulatory actions during an infection.’
Orally administered pyronaridine was tested in guinea pigs
alongside tilorone and favipiravir, where pyronaridine and
favipiravir resulted in statistically significant 40% and 45%
increase in survival rates versus control, respectively,® a
statistically significant increased survival compared to the
control. Pursuit of the potential target of these computationally
identified drugs pointed us to docking compounds in the
EBOV glycoprotein structure and experimental validation.
These docking predictions were then validated using micro-
scale thermophoresis to calculate dissociation constants (Kj).
The Kj values for pyronaridine (7.34 M), tilorone (0.73 M)
and quinacrine (7.55 uM)'® were lower than for the positive

Received: February 3, 2023
Accepted: March 16, 2023
Published: March 24, 2023

https://doi.org/10.1021/acsomega.3c00724
ACS Omega 2023, 8, 12532—12537


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patricia+A.+Vignaux"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+R.+Lane"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+C.+Puhl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Raymond+K.+Hau"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephen+H.+Wright"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nathan+J.+Cherrington"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nathan+J.+Cherrington"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sean+Ekins"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c00724&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00724?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00724?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00724?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00724?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/13?ref=pdf
https://pubs.acs.org/toc/acsodf/8/13?ref=pdf
https://pubs.acs.org/toc/acsodf/8/13?ref=pdf
https://pubs.acs.org/toc/acsodf/8/13?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c00724?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

9
HO.
A. cl NN

J\/\/'\(/

AN O

C

N.
e

Figure 1. Chemical structures of compounds tested in this study. (A) Pyronaridine tetraphosphate (pyronaridine), (B) quinacrine, (C) tilorone.

Table 1. Transporter Inhibition Assay Details

Transporter Cell Line Substrate Background Determination Style Reference Inhibitor
P-gp MDRI1-MDCKII Calcein AM (2 uM) 1 Verapamil
BCRP BCRP-CHO Hoechst 33342 (S5 uM) 1 Ko 143
MRP1 MRP1-HEK Calcein AM (6 uM) 1 MKS71
MRP2 MRP2-HEK CDCF (20 ;M) 1 MKS71
MRP3 MRP3-HEK CDCF (20 M) 1 MK571
OATPI1B1 OATP1B1-CHO Fluorescein methotrexate (S uM) 2 Rifampicin
OATP1B3 OATP1B3-CHO Fluorescein methotrexate (5 pM) 2 Rifampicin
OAT1 OAT1-CHO 6-carboxyfluorescein (10 M) 2 Probenecid
OAT3 OAT3-CHO 6-carboxyfluorescein (10 uM) 2 Probenecid
OCT1 OCT1-CHO ASP+ (1 uM) 2 Verapamil
OCT2 OCT2-CHO ASP+ (5 uM) 2 Verapamil
MATEL MATE1-HEK DAPI (1 uM) 2 Verapamil
MATE2K MATE2K-HEK DAPI (2 uM) 2 Verapamil

control toremifene (24.83 M), which is very similar to the
literature value of 16 yM run under similar conditions."' In
summary, the accumulated in vitro and in vivo data gathered for
tilorone, quinacrine and pyronaridine suggest that they share a
common target or mechanism for the inhibition of
EBOV,> ' (i.e., these three molecules block viral entry and
bind to the EBOV glycoprotein, although there may be other
potential targets involved).

We and others'>™"° have recently shown that these
compounds also possess in vitro activity against severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). Tilorone
and pyronaridine are in clinical trials, the latter in combination
with artesunate. Using AS49-ACE2 cells which support SARS-
CoV2 growth to about 10’ PFU/mL, pyronaridine showed
SARS-CoV-2 inhibition demonstrating ICsy = 0.23 yM and a
good selectivity index, and binding to SARS-CoV-2 spike
receptor-binding domain (RBD) (K = 0.62 uM)."> We have
recently expanded on our earlier in vitro characterization of
pyronaridine against SARS-CoV-2"? by testing against the
papain-like protease (PLP™) that is essential for maturation of
viral polyproteins, dysregulation of host inflammation, and
antiviral immune responses in SARS-CoV-2, ultimately
demonstrating in vivo efficacy against infection in a 3 day
mouse model.'®

The many membrane transporters that belong to the solute
carrier and ATP-binding cassette superfamilies work to control
the uptake, efflux and homeostasis of many nutrients that are
physiologically relevant as well as xenobiotics that we are
constantly exposed to. However, these transporters can also
influence the pharmacokinetics of many drugs and, in addition,
may be used as potential targets for prodrug approaches. These
transporters are quite promiscuous in their selectivity, which
increases the probability for potential interactions. Current
guidance from the U.S. FDA recommends screening nine drug
transporters: OAT1, OAT3, OCT2, OATP1B1, OATP1B3, P-

glycoprotein (P-gp), BCRP, MATEI, and MATE2K for the
evaluation of small molecule drug-drug interactions
(DDIs)."”'® Drug transporters play a major role in
determining absorption, distribution, metabolism, and distri-
bution (ADME) and are key determinants of DDIs and
adverse drug reactions (ADRs), some of which can be
predicted early from targeted preclinical studies. Recent
guidance recommendations have suggested various additional
transporters with emerging clinical relevance for assess-
ment.'"®"? As the three molecules we have focused on are
potential clinical candidates, we have considered their potential
for interacting with transporters including organic cation
transporters (the basolateral organic cation transporters,
(OCT)1 and OCT2; and the apical multidrug and toxin
extruders, (MATE)1 and MATE2-K) and have used computa-
tional and in vitro approaches to evaluate this activity.” All
three molecules previously showed substrate dependent
inhibition for OCT2 (low uM to tens of #M using radiolabeled
atenolol, metformin or MPP) and were modest inhibitors of
MATEIL, while quinacrine showed substrate dependent
inhibition of MATE2K. We have also recently tested tilorone
and pyronaridine against OATP1B1”" at 20 M and neither
showed inhibition at this concentration. Tilorone, quinacrine
and pyronaridine were also found in most cases to have ICg,
values >1 mM for ENT1 and ENT? inhibition.”*

These initial results prompted us to evaluate additional
transporters, including P-gp, OATP1B3, OAT1, OAT3, MRP],
MRP2, MRP3, and BCRP, for inhibition by these antivirals as
well as testing the effect of quinacrine against OATP1B1 and
confirming the inhibitory specificity of all three compounds
against OCT1, OCT2, MATEI and MATE2K.
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B EXPERIMENTAL SECTION

Compounds. Tilorone hydrochloride and quinacrine
dihydrochloride dihydrate were purchased from Cayman
Chemical Company (Ann Arbor, MI), and pyronaridine
tetraphosphate was purchased from BOC Sciences (Shirley,

Transporter Studies. Compounds were evaluated by
Eurofins Discovery Services for transporter inhibition following
the same basic protocol: Cells expressing a human
recombinant transporter of interest were seeded into 96-well
plates at 30,000 cells/well for 2 or 3 days prior to testing. Test
compounds were prepared in assay buffer (HBSS-HEPES, pH
7.4) so that the final testing concentration was 10 uM (20 uM
for OATP1BI tilorone and pyronaridine, previously”') and 1%
DMSO. Compounds are added to the cells and preincubated
for 15 min at 37 °C. Substrate was then added to the plate and
incubated for 20 min at 37 °C. Cells were then washed with
cold assay buffer and read for fluorescence (fluorescent
substrates noted in Table 1).

Percent of control was calculated by subtracting the mean
reading of the assay in the presence of the control inhibitor
from the reading in the presence of the compound, divided by
the difference between the vehicle control and the background,
multiplied by 100%:

%of control = (compound — background)/(T1 — background) X 100%

where “compound” refers to the fluorescence reading when the
test compound is present, and “T1” refers to the mean reading
when the test compound is absent. “Background” is
determined one of two ways: (1) the mean reading at the
highest effective concentration of the reference inhibitor or (2)
the reading when both test compound and substrate are
absent.

The transporter inhibition assay details are summarized in
Table 1, and additional details are provided as follows: BCRP
inhibition studies were performed as described previously™
with the following modifications: CHO cells expressing human
recombinant BCRP (BCRP-CHO) were used, the reference
inhibitor was Ko 143, test compounds were preincubated with
cells at 37 °C for 15 min, and incubation time after addition of
substrate was 20 min.

P-gp inhibition studies were performed as described
previously’* with the following modifications: Calcein AM
final concentration was 2 uM, verapamil was used as the
reference inhibitor, test compounds were preincubated with
cells at 37 °C for 15 min, and incubation time after addition of
substrate was 20 min.

OCT1 inhibition studies were performed as described
previously” with the following modifications: CHO cells
expressing human recombinant OCT1 (OCT1-CHO) were
used, the fluorescent substrate ASP+ was used as at a
concentration of 1 uM, the reference inhibitor was verapamil,
test compounds were preincubated with cells at 37 °C for 15
min, and incubation time after addition of substrate was 20
min.

OCT2 inhibition studies were performed as described
previously’® with the following modifications: CHO cells
expressing human recombinant OCT2 (OCT2-CHO) were
used, the reference inhibitor was verapamil, test compounds
were preincubated with cells at 37 °C for 15 min, and
incubation time after addition of substrate was 20 min.

MATE1 and MATE2K inhibition studies were performed as
described previously”” with the following modifications: HEK

cells stably expressing human recombinant MATEI or
MATE2K (MATE1-HEK, MATE2K-HEK) were used, and
the substrate DAPI was used at 1 #uM and 2 4M more MATE1
and MATE2K, respectively. The reference inhibitor was
verapamil, test compounds were preincubated with cells at
37 °C for 15 min, and incubation time after addition of
substrate was 20 min.

MRP1 inhibition studies were performed as described
previously”® with the following modifications: HEK cells
expressing human recombinant MRP1 (MRP1-HEK) were
used, Calcein AM was used at a concentration of 6 uM, test
compounds were preincubated with cells at 37 °C for 15 min,
and incubation time after addition of substrate was 20 min.

MRP2 inhibition studies were performed as described
previously” with the following modifications: whole HEK
cells expressing human recombinant MRP2 (MRP2-HEK)
were used, the fluorescent substrate 5(6)-carboxy-2',7'-
dichlorofluorescein (CDCF) was used as at a concentration
of 20 uM, test compounds were preincubated with cells at 37
°C for 15 min, and incubation time after addition of substrate
was 20 min.

MRP3 inhibition studies were performed as described
previously’® with the following modifications: HEK cells
expressing human recombinant MRP3 (MRP3-HEK) were
used, CDCF was used as at a concentration of 20 uM, test
compounds were preincubated with cells at 37 °C for 15 min,
and incubation time after addition of substrate was 20 min.

OATI1 inhibition studies were performed as described
previously’' with the following modifications: the substrate
6-carboxyfluorescein was used at a final concentration of 10
H#M, test compounds were preincubated with cells at 37 °C for
15 min, and incubation time after addition of substrate was 20
min.

OAT3 inhibition studies were performed as described
previously’” with the following modifications: CHO cells
expressing human recombinant OAT3 (OAT3-CHO) were
used, test compounds were preincubated with cells at 37 °C for
15 min, and incubation time after addition of substrate was 20
min.

OATP1B1 and OATPIB3: inhibition studies were per-
formed as described previously”® with the following
modification: test compounds were preincubated with cells at
37 °C for 15 min.

B RESULTS AND DISCUSSION

Tilorone, pyronaridine and quinacrine (Figure 1) represent
promising antiviral®'*~"* molecules as they have excellent in
vitro ADME properties (e.g., good metabolic stability, Caco-2,
human plasma protein binding $2—95.1%).”>'* Pyronaridine
is the major component of the EU-approved antimalarial
Pyramax, (which is a combination antimalarial therapy with
artesunate) and has a long half-life.”'® Additionally, our
previous study described tilorone as a selective inhibitor of
acetylcholinesterase included in a Eurofins SafetyScreen44
panel, which demonstrated that tilorone was inactive against
the other 43 pharmacologically relevant targets in that
screen.® To date, assessment of the interactions of these
three molecules with human drug transporters has been
limited.””*" Tilorone, pyronaridine and quinacrine were
therefore tested at a single concentration of 10 yM for their
potential to inhibit transport for 12 uptake and efflux
transporters (Figure 2). We also tested quinacrine for activity

https://doi.org/10.1021/acsomega.3c00724
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against OATP1B1, to supplement our previous data on
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Figure 2. Inhibition of pharmaceutically relevant transporters
described in the FDA guidance'” by the antivirals tilorone, quinacrine
and pyronaridine. Compounds were tested at 10 M for the ability to
inhibit the transport of fluorescent substrates in cell-based assays.
*Indicates these compounds were tested at 20 M, and these results
were previously published.”’

Both pyronaridine and quinacrine appear to be more potent
inhibitors of MATE1 and MATE2K than tilorone using DAPI
as the probe substrate. Previously we showed that quinacrine
was a slightly more potent inhibitor of MATE1 and OCT2
substrates.”” Tilorone and pyronaridine were more potent
inhibitors of atenolol as a substrate for OCT1, whereas
quinacrine was a more potent inhibitor of OCT1 when using
MPP as the substrate.”” These differences may suggest subtle
inhibitor-substrate dependencies.

None of these three compounds inhibited MRP1, MRP2,
MRP3, OAT1, OAT3, P-gp or OATP1B3 to an appreciable
extent. We had also previously shown OATPIB1*' was not
inhibited by tilorone or pyronaridine at 20 M, and here we
show that it is also not inhibited by quinacrine at 10 yuM. We
did not generate IC, data for these transporters, as there was
no potent inhibition with these molecules and the MATE and
OCT1 study previously suggested uM inhibition at concen-
trations likely in excess of plasma concentrations of these
compounds (100s nM inhibitors of viruses as described).

The results for P-gp are particularly surprising, as it has been
previously reported that pyronaridine was a modulator
(inhibitor) of P-gp in tumor cell lines as well as in mice with
xenografts, enhancing the antitumor activity of doxorubicin,*®
though the authors noted that this effect was possibly the result
of pyronaridine binding intracellular doxorubicin, instead of
direct interference of P-gp function by pyronaridine. Addi-
tionally, although it was shown that P-gp was overexpressed in

these cell lines and xenografts, this study did not quantify or
investigate the influence of any other efflux transporters
present in these cells on the reversal of multidrug resistance or
as possible targets of pyronaridine. Pyronaridine has been
described to induce apoptosis via mitochondrial depolariza-
tion, caspase 3 activation, inhibition of cell cycle progression
and by directly intercalating with cellular DNA at very high
concentrations in one study.’® Another study by the same
group showed that pyronaridine inhibits topoisomerase II in a
dose-dependent manner, slows tumor growth and extends
survival in mice xenografted with breast cancer cells.”” We have
recently demonstrated that pyronaridine shows cytotoxicity in
neuroblastoma (SH-SYSY IC, 1.70 uM; SK-N-AS ICy, 3.45
uM) and fibrosarcoma (HT-1080 ICs, = 4.23 uM) cell lines,
while quinacrine was less potent (SH-SYSY ICy, = 8.57 uM;
SK-N-AS ICs, NA; HT-1080 ICy, = 29.1 uM).*®

There is evidence to suggest that several viruses, including
Marburgvirus, EBOV, and SARS-CoV-2,>~** may infiltrate
the immune-privileged site that harbors sperm production.
Therefore, there is considerable interest in identifying
compounds that cross the blood-testis barrier (BTB), as this
compartment can act as a viral reservoir.*> The equilibrative
nucleoside transporters (ENTs) are present at the BTB, where
they can facilitate antiviral drug disposition to eliminate a
sanctuary site for viruses detectable in semen.”**> Predicting
interactions with these transporters can be used to aid the
development of novel compounds that can cross the BTB
using the ENTI1-ENT2 transepithelial transport path-
way.”>***" These include novel antivirals and chemother-
apeutics that are substrates for these widely expressed
transporters. Most recently, we applied computational and
experimental approaches to investigate interactions of the
antiviral drugs remdesivir, tilorone, pyronaridine, quinacrine,
hydroxychloroquine, molnupiravir and its active metabolite
EIDD-1931 with ENT1 and ENT2.”* Remdesivir was the most
potent inhibitor of ENT-mediated [*H] uridine uptake (ENT1
ICy, = 38.3 uM; ENT2 ICy, = 75.1 uM), while pyronaridine,
tilorone and quinacrine had ICy, values >1 mM in most
cases.”” It is therefore less likely these molecules may interfere
with ENTs at their likely therapeutic concentrations. In recent
work, the immunohistochemical staining of human testicular
tissues showed OCTs had some staining on the basal
membrane of Sertoli cells at the BTB, but OCTNs were
much more pronounced.”® Others have also described the
functional expression of OCTs and OCTNs in the BTB.*°.*
As all three of these molecules had previously described
substrate-dependent inhibition for hOCT2 (low uM to tens of
uM), this would imply that if molecules were also substrates of
OCTN]1, they may be able to cross the BTB and have efficacy
in the male genital tract. Therefore, the assessment of OCTN
transport in future may shed light on whether these
transporters could facilitate quinacrine, tilorone and pyronar-
idine crossing the BTB.

In summary, after evaluating transporter interactions as
recommended in the FDA guidance,17 our results indicate that
any human efflux and uptake transporter interactions with
pyronaridine, tilorone and quinacrine are likely limited to
OCT1 and MATEI (and even then these may be above the
likely circulating concentrations of the drugs). Therefore, their
concomitant use with other drugs that are substrates or
inhibitors for these transporters may require further detailed
evaluation. The future testing of analogs of these molecules will
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also be valuable to further understand the structure activity
relationships for OCT1 and MATEI selectivity.
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