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ARTICLE INFO ABSTRACT

Keywords: Coronaviruses (CoVs) infect a broad range of hosts, including humans and various animals, with a tendency to
Coronavirus cross the species barrier, causing severe harm to human society and fostering the need for effective anti-
RNA dependent RNA polymerase coronaviral drugs. GS-441524 is a broad-spectrum antiviral nucleoside with potent anti-CoVs activities. How-
Nucleotide . e e 1. . . 1 . . .

NSAIDs ever, its application is limited by poor oral bioavailability. Herein, we designed and synthesized several con-
Tbuprofen jugates via covalently binding NSAIDs to 5-OH of GS-441524 through ester bonds. The ibuprofen conjugate,

ATV041, exhibited potent in vitro anti-coronaviral efficacy against four zoonotic coronaviruses in the alpha- and
beta-genera. Oral-dosed ATV041 resulted in favorable bioavailability and rapid tissue distribution of GS-441524
and ibuprofen. In MHV-A59 infected mice, ATV041 dose-dependently decreased viral RNA replication and
significantly reduced the proinflammatory cytokines in the liver and the lung at 3 dpi. As a result, the MHV-A59-
induced lung and liver inflammatory injury was significantly alleviated. Taken together, this work provides a
novel drug conjugate strategy to improve oral PK and offers a potent anti-coronaviral lead compound for further

Oral antiviral agent

studies.

1. Introduction

Coronaviruses are positive, single-stranded, enveloped RNA viruses
that infect a broad range of hosts including humans and a variety of
animals with a tendency to cross the species barrier [1,2]. CoVs infect
farm animals and companion animals, causing huge economic impact
and loss of nonhuman companions [3,4]: such as porcine transmissible
gastroenteritis virus (TGEV), porcine epidemic diarrhea virus (PEDV),
canine coronavirus (CCoV), feline transmissible peritonitis virus (FIPV)
of the alpha-coronaviruses genera; bovine coronavirus (BCoV) and equine
coronavirus (ECoV) of the beta-coronaviruses genera; turkey coronavirus
(TCoV) of the gamma-coronaviruses genera and porcine deltacoronavirus
(PDCoV) of the delta-coronaviruses genera [5]. In the past two decades,
three Beta-coronavirus have caused the prevalence of severe respiratory

infections in humans, including the severe acute respiratory syndrome
coronavirus (SARS-CoV, 2002), middle east respiratory syndrome
coronavirus (MERS, 2012), and the recent pandemic SARS-CoV-2 (since
2019) [6,7]. The imminent threat of CoVs underscores the need for
broadly active anti-coronaviral drugs for treating CoVs infection and
preventing future outbreaks of novel coronaviral diseases.
Nucleos(t)ide antivirals, by directly inhibiting viral transcription and
replication, are among the first-line treatment of viral disease both as a
single compound and in cock-tail therapies [8,9]. The 1’-CN-4-aza-7,
9-dideazaadenosine C-nucleoside (GS-441524, 1) and its phosphona-
midite prodrug (remdesivir), are broad-spectrum antiviral nucleot(s)ide
analogs across multiple virus families, including flaviviridae, Filoviridae,
Pneumoviridae, Paramyxoviruses, and Coronaviridae [10,11]. GS-441524
is one of the few nucleotides that have potent therapeutic efficacy
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against CoVs in vivo. Intraperitoneal injection of GS-441524 showed an
up to 96% cure rate in FCoV-afflicted cats [12,13]. Previously, we
showed intraperitoneal GS-441524 displays potent antiviral efficacy in
SARS-CoV-2 infected Ad5-hACE2 mice and murine hepatitis virus
(MHV) infected mice. However, GS-441524 displays poor oral
bioavailability and aqueous solubility [14]. To solve this problem, we
have developed the 5-OH simple ester prodrug of GS-441524 which
markedly improved the oral absorption of GS-441524 15,

The concept of nucleoside ester prodrug is a well-established
approach due to the high polarity and often low permeability of nucle-
oside [16]. This led to the approval of numerous antiviral and anticancer
drugs, e. g., valganciclovir, molnupiravir and capecitabine [17]. The
chosen moiety on the other side of the ester linkage was preferably to be
another active agent to achieve dual-target activity. NSAIDs are anal-
gesic, antipyretic and anti-inflammatory medications, widely used to
relieve symptoms related to many conditions, including viral colds [18].
Side effects, particularly gastrointestinal ulcerogenic activity and renal
toxicity, often limit their use. Therefore, introducing another pharma-
cophore to masking of the free carboxylic group is a promising approach
to design dual-target agent. For example, nitric oxide-releasing NSAIDs,
such as NO-aspirin (NCX-4016) and the ibuprofen derivative, contain a
cleavable ester linker to a nitric oxide-releasing moiety was reported
with a superior anti-inflammatory and antithrombotic profile [19,20].

As a continuous effort to develop GS-441524-based antivirals, here,
six NSAIDs (fenoprofen, naproxen, ketoprofen, ibuprofen, diclofenac,
and indomethacin) containing a free carboxylic acid was employed to
esterify with the 5’-OH of GS-441524 to design novel conjugates (Fig. 1).
The ester bonds are expected to be hydrolyzed in vivo which results in
two active metabolites. On the one hand, by masking the polarized 5'-
OH, the novel conjugates are expected to improve the bioavailability of
GS-441524. On the other hand, the release of NSAIDs potentially get

Twin drug design
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secondary effect to relieve symptoms, such as, pain, fever, and other
inflammatory processes related to CoVs infection [21,22]. We reported
the synthesis and antiviral potency of the conjugates against different
CoVs, including murine coronavirus mouse hepatitis virus A-59
(MHV-A59), CCoV, FIPV, and TGEV. Using the model p-coronavirus
MHYV, we demonstrated that GS-441524 and ibuprofen conjugate,
ATV041, dramatically inhibited viral replication and reduced tissue
injury in the liver and lung.

2. Results
2.1. Chemistry

The synthetic route of the GS-441524 and NSAIDs conjugates
(ATVO038-ATV043) was described in Scheme 1. The 2/,3'-hydroxyl
moieties of GS-441524 were protected with acetonide by using 2,2-
dimethoxypropane in the presence of p-TsOH to afford 2 in over 90%
yield. Respectively, the carboxylic acid of fenoprofen, naproxen, keto-
profen, ibuprofen, diclofenac or indomethacin was reacted with inter-
mediate 2 to product the corresponding esters 3a-3f via N,N-
diisopropylcarbodiimide/4- (dimethylamino)pyridine (DIC/DMAP)
condensation. DIC selectively coupled with the 5-OH of GS-441524,
while did not affect the 4-NH, group. The selectivity is better than
other condensation agents after a condition screening, such as 1,3-dicy-
clohexylcarbodiimide (DCC) or 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDCI). The subsequent hydrolysis of 3a-3f with 66.7%
formic acid to obtain the target compounds ATV038-043 in high yields.

%0
00

NSAIDs
Q
Q
00o°
GS-441524

o]
©/Fenoprofen

ATV038

Ibuprofen

Diclofenac

ATV041

ATV039

ATV042

Ketoprofen
ATV040

Indometacin
ATV043

Fig. 1. Schematic diagram of oral conjugates design for the treatment of coronavirus infection and the chemical structures of designed compounds.
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GS-441524,1

Scheme 1. Synthesis of the 5'-ester conjugates of GS-441524.
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ATV038-ATV043

3a, ATV038 RCOOH = Fenoprofen
3b, ATV039 RCOOH = Naproxen
3c, ATV040 RCOOH = Ketoprofen
3d, ATV041 RCOOH = Ibuprofen
3e, ATV042 RCOOH = Diclofenac
3f, ATV043 RCOOH = Indometacin

@ Reagents and conditions: i) 2,2-Dimethoxypropane, p-TsOH, DCM, rt, 8 h; ii) RCOOH, DIC, DMAP, ACN, rt, 12 h; iii) HCOOH, water, 50 °C, 36 h.

2.2. The GS-441524 and NSAIDs conjugates possess potent cross-strain
activities against CoVs

To evaluate the anti-CoVs activities of novel conjugates, we initially
infected 1929 cells with MHV-A59, a member of subgroup 2a of
p-coronavirus, and treated them with increasing concentrations of com-
pounds. The viral copy was determined by real-time quantitative PCR
(qPCR) analysis of the M gene in the supernatant. As shown in Table 1,
the activities of compounds were comparable to or more potent than GS-
441524 except for ATVO043. In particular, the inhibitory activities of
conjugates fenoprofen (ATV038, half-maximum effective concentration
(ECs0) = 1.27 pM) and ibuprofen (ATV041, EC5p = 1.15 pM) were about
8-fold more potent relative to GS-441524 (ECsp = 10.01 pM) and were
slightly more potent than remdesivir. Subsequently, we evaluated the
antiviral efficacy of ATV041 and ATV043 in three alpha-CoVs that
causing serious diseases in dogs (CCoV), cats (FIPV), and pigs (TGEV),
respectively, together with GS-441524 (Fig. 2). ATV041 exhibited
broad-spectrum antiviral activities against CCoV (ECsp = 1.406 pM),
FIPV (EC5¢ = 7.34 pM) and TGEV (ECsg = 3.777 pM), which was more
potent than GS-441524 and ATV043. This result indicated that intro-
ducing of ibuprofen at the 5’-OH position of GS-441524 could improve
the in vitro anti-coronaviral potency. Ibuprofen along did not affect the
cellular replication of MHV (Fig. S1), nor did its combination with
remdesivir boost the inhibition of remdesivir (Fig. S2). In the physi-
ochemical property determinations, the conjugates improved ClogP and
the lipophilicity relative to GS-441524. The half-life (T;/2) in human
plasma was between 170 min and 265 min, indicating the potential to be
subject to hydrolyzation by bio-enzymes over time. Their aqueous sol-
ubility differed: ATV042 and ATV043 are hardly soluble, ATV038,
ATV039, and ATV041 with slightly better solubility, and ATV040
significantly improved the solubility, reaching 1073 pmol/L. These re-
sults indicated the superiority of the conjugate to improve the physi-
ochemical properties relative to the poor reported solubility and lower
ClogP of GS-441524 (see Table 1).

Table 1
The antivirus effect, the stability results in human plasma, solubility and
calculated logP values of 6 compounds.

Compd. MHV-A59 ECsp ~ human plasma T;,  Solubility ClogP”
s » (min) (umol/L)
ATV038 1.27 169.31 29.0 2.671
ATVO039 8.65 181.97 155 2.003
ATV040 4.17 199.18 1073 2.515
ATV041 1.15 265.04 49.9 2.761
ATV042 6.40 191.16 3.7 3.527
ATV043 10.08 170.07 0.1 3.389
GS-441524 10.01 ND¢ ND —1.43
Remdesivir  1.82 ND ND 2.361

# The analysis of the anti MHV-A59 effect of compounds were performed in
1929 cells. The data shown are the mean from two independent experiments.

b Octanol-water partition coefficient (logP) was calculated according to the
Pharma Algorithms’ AB/LogP v2.0 algorithm [23].

¢ Not determined.

2.3. Pharmacokinetic (PK) study of ATV041 in sprague-dawley (SD) rats

We next evaluated the PK profile of ATV041 in SD rats. As shown in
Table 2 and Fig. 3, ATV041 was hydrolyzed to GS-441524 and ibuprofen
in vivo to be the primary circulated forms in both intravenous (iv) and
intragastric (po) groups. The PK parameters of the two active com-
pounds after ATV041 administration were determined separately. GS-
441524, produced by ATV041 hydrolyzed in vivo, displayed high oral
bioavailability (F%) of 60.3% and a half-life (T1,) of 4.98 h. The Cpax of
7.75 £+ 1.58 pM/L was achieved 0.7 h after the oral administration,
indicating its favorable blood exposure to be above the effective con-
centrations. Compared with the reported poor oral PK of GS-441524
dosed alone [15], the conjugate ATV041 improved the oral exposure
of GS-441524. In addition, oral ATV041 resulted in high oral exposure
of ibuprofen with bioavailability of 78% and area under curve
(AUC(0-c0)) Of 263 h*uM/L.

Next, BALB/c mice tissues were collected at 1 h after oral adminis-
tration of 200 mg/kg ATV041 to determine the tissue distribution. The
metabolites GS-441524 and ibuprofen concentration in the plasma,
liver, lung, and kidney were measured by chromatography/mass spec-
trometry/mass spectrometry (LC-MS/MS). 200 mg/kg GS-441524 sin-
gle-administrated mice were used for comparison. The results
demonstrated that the GS-441524 and ibuprofen, after hydrolysis from
ATV041, were widely and quickly distributed in mice tissues (Fig. 4a).
In contrast, GS-441524 concentrations of GS-441524 oral-dosed mice
were about 5-fold lower than that of oral ATV041 in all the samples
(Fig. 4b). The PK data demonstrated the conjugate ATV041 successfully
resulted in favorable oral exposure and wide tissue distribution of active
GS-441524 and ibuprofen (Fig. 4c).

2.4. ATV041 reduced virus replication and injury in BALB/c mice
challenged with MHV-A59

Inspired by the excellent in vitro performance and favorable PK of
ATV041, we then evaluated its in vivo efficacy in the MHV-A59 infected
BALB/c mice. As shown in Fig. 5a, the mice were intranasally inoculated
with a lethal dose of MHV-A59 (TCID5o = 10~712°/100 pL per mouse)
and divided into 6 groups (group A, B1-B2, C1-C3). 8 mock-infected
mice were used as health controls (group D). The oral treatment of
therapeutic drug or vehicle starts 1 h after virus inoculation. Then mice
from group A, B1-B2, and C1-C3 (4 per group) were sacrificed at 3 days
post inoculation (dpi) for qPCR analysis of viral copies, histological
analysis, and serum chemical analysis. The remaining mice were kept for
observation until 23 dpi.

qPCR analysis in the lung and liver homogenates showed that the
virus RNA copies reached high levels in both the liver and the lung at 3
dpi (Fig. 5d). The viral replication in the liver was dose-dependently
inhibited by increased concentrations of ATV041.100 mg/kg GS-
441524 (B1) and 200 mg/kg ATV041 (C3) have the same molar con-
centration (34 mM/kg). They significantly inhibited the viral titers to
below the detection limit. In the lungs, ATV041 demonstrated dose-
dependent inhibition of viral replication. GS-441524 alone inhibited
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Fig. 2. Antiviral activities of GS-441524, ATV041, and ATV043 against CCoV (in CRFK cells), FIPV (in CRFK cells), and TGEV (in ST cells), respectively. The ECso

values for each compound are indicated with the red dashed lines.

Table 2
PK parameters after single-dose of ATV041 in SD rats®.
Analytes Route Dose Ti/2 Tmax Chax AUC(0-0) MRT(g.0) F
mg/kggg h h pM/L h*uM/L h %
GS-441524 po 25.0 4.98 £+ 3.57 0.67 = 0.29 7.75 £ 1.58 22.6 +2.34 3.16 £1.21 60.31 + 0.06
iv 5.0 2.81 +3.28 0.08 £+ 0.00 5.67 £ 0.57 7.51 £ 0.85 1.28 +£0.139 -
Ibuprofen po 25.0 2.63 +£1.78 0.67 £ 0.29 80.2 +£ 12 263 + 37 3.35 £ 0.925 78.42 £ 0.11
iv 5.0 1.58 + 0.82 0.03 £+ 0.00 41.8 +£3.12 67.1 + 4.39 1.57 £ 0.294 -

@ Calculation of PK parameters for GS-441524 and ibuprofen after a single po dose (25 mg/kg) or single iv dose (5 mg/kg) of ATV041 in SD rats. Results are shown as

the mean + standard deviation (SD), n = 3.
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Fig. 3. Time-plasma concentration curves are shown for GS-441524 and ibuprofen following a single dose of ATV041 in SD rats (n = 3, mean + SD).

the viral replication by about one order of magnitude in the lungs, which
was less promise than that in the liver. ATV041 at the same molar
concentration (200 mg/kg) remarkably inhibited the viral titer to blow
the detection limit, demonstrating a significantly increased potency than
GS-441524. Ibuprofen dosed alone did not show an antiviral effect,
which was consistent with the result that ibuprofen did not inhibit MHV-
A59 cellular replication up to 200 uM (Fig. S1), indicating the increased
antiviral potency of ATV041 mainly resulted from the improved oral PK
of ATV041.

Coronaviruses infection led to the increased expression of type I in-
terferons (IFN-a, ) and induced the expression of interferon-inducible
genes and inflammatory factors, including tumor necrosis factor
(TNF)-a, interleukin (IL)-6, IL-1f, IFN-y, and C-X-C motif chemokine
(CXCL10), which collaboratively force the body into an antiviral state
[24,25]. However, the pro-inflammatory factor is a double-edged sword
as the unregulated release may lead to cytokine storm, and excessive
cytokine-mediated life-threatening inflammatory cell death (pan--
apoptosis) [26]. For incidence, TNF-a and IFN-y could induce
pan-apoptosis and directly mediate T cell exhaustion, leading to lethal
shock syndrome [27,28]. Thus, we tested the proinflammatory regula-
tory action of compounds in the lung (Fig. 5f) and the liver (Fig. 5g). In
the livers, ATV041 significantly reduced the production of key proin-
flammatory mediators, such as TNF-a, IL-1p, IL-6, IFN-y, and CXCL10.

Due to the suppression of virus replication in the tissues, the antiviral
cytokine IFN-B was also significantly reduced. Ibuprofen alone did not
obviously affect the inflammatory mediators tested here. In the lungs,
ATVO041 was more potent than GS-441524 in normalizing the inflam-
matory factors. At the high dose of 200 mg/kg, the pro-inflammatory
factors were considerably reduced to a level similar to the
mock-infected mice. Representative H&E images of lung sections in
MHV-infected mice indicated moderate interstitial pneumonia with
thickened alveolar septa, infiltration of lymphocytes, and necrotic
debris. ATV041-dosed mice had alleviated symptoms in the lung at 3 dpi
(Fig. 6a), whereas GS-441524 did not demonstrate protect effects. Be-
sides, MHV infections resulted in fulminant hepatitis, displaying hepa-
tocyte necrosis and hemorrhage [29] and ATV041 had obvious
remission effects (Fig. 6b). In the serum chemical analysis, ATV041
treatment significantly reduced the plasma alanine aminotransferase
(ALT) and aspartate aminotransferase (AST), indicating the relief of
acute liver injury caused by MHV-A549.

GS-441524, three doses of ATV041 reduced mice mortality during
the 23-day observation (Fig. 5¢). The low dose of 10 mg/kg ATV041
resulted in a 100% survival rate. However, the higher doses led to
reduced survival, which was speculated to result from dose-related
toxicity. Overall, these results demonstrated the potent in vivo anti-
coronavirus activity of ATV041. The improved efficacy in the lung
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Fig. 4. Tissue distribution of compounds in BALB/c mice at 1 h after a single oral dose of ATV041 or GS-441524. a The concentration of GS-441524 and ibuprofen
after oral ATV041 (200 mg/kg) in liver, lung, kidney, and plasma. b The concentration of GS-441524 after oral GS-441524 (200 mg/kg). n = 5 per group, Error bars

indicate SEM. ¢ The predicted in vivo metabolic pathway of ATV041.

was consistent with the high concentration of GS-441524 presented by
ATV041 to the lung (Fig. 4a).

3. Conclusion and discussion

Coronaviruses are among the most dangerous pathogens for human
and animals, underscoring the need for discovering broad-spectrum oral
anti-CoV agents. In this study, we covalently combined GS-441524 with
NSAIDs via hydrolyzable ester bond to design conjugates with improved
PK and anti-CoVs effacicy. Among the newly synthesized compounds,
the ibuprofen conjugate ATV041 was identified with potent antiviral
activity against MHV-A59 in the beta-coronavirus subgroup. It broadly
inhibited the virus replication of three alpha-CoVs (CCoV, FIPV, and
TGEV). Meanwhile, by masking the 5'-OH polar group that impaired the
absorption of GS-441524, the oral bioavailability was significantly
improved as well as the distribution to tissues. Cellular GS-441524 is
phosphorylated to the monophosphate (RMP) and further triphosphate
(RTP) as the active form (Fig. 4c). RTP incorporates in the nascent RNA
and stalls viral RNA synthesis via two mechanisms, as revealed from the
previously studies in SARS-CoV-2 [30,31]. One is the delayed
-chain-termination mechanism: the growth of RTP-incorporated RNA
is impaired after the addition of the third nucleotide due to the trans-
location barrier raised by C1’-cyano group to the side chain of nsp12
serine-861. Consequently, the RMP at RNA 3’-end is marked by un-
modified nucleotide and could partially escape from the proofreading of
CoV 3'-5' exoribonuclease (ExoN). Another is the template-dependent
inhibition mechanism that the RMP in the template RNA will compro-
mise the incorporation of the complementary UTP.

Ibuprofen is the commonly used and prescribed NSAID as an anal-
gesic, anti-inflammatory and antipyretic. It helps to relieve the symp-
toms associated with viral colds. ATV041 released ibuprofen after
administration which might be benefit for relieving symptoms related to

CoV infection. Hence, by shielding the carboxyl groups of ibuprofen, the
side effects of gastrointestinal irritation related to ibuprofen are poten-
tially relieved [32]. In MHV-A59 infected BALB/c mice, as one of the
widely-used coronavirus models for studying virus-host interactions
[33], ATV041 presented a dose-dependent efficacy in reducing viral
RNA copies in the lungs and livers, superior to that of oral GS-441524
dosed alone. It significantly relieved the liver damage and inflamma-
tion caused by MHV-A59 infection. Although the lung is not the primary
target of MHV, the nasal inoculation of MHV could led to lung lesions
[34,35]. ATV041 treatment significantly reduced the pathology of viral
infection, while GS-441524 was less active in the lung.

Collectively, we identified ATVO041 as a potent oral conjugate of GS-
441524 and ibuprofen with favorable oral PK and potent anti-CoVs ef-
ficacy in the MHV-A59 mouse model. Noticeably, the seven known CoVs
infected humans all affiliate the respiratory system. The effectiveness of
ATVO041 to successfully distribute in the lungs, inhibit viral copy and
relieve pulmonary lesion are clinically valuable for further studies.

4. Experimental section
4.1. Chemistry

4.1.1. General procedure

All reagents used were commercially available. Reactions were
monitored by thin-layer chromatography (TLC) on glass plates coated
with silica gel with a fluorescent indicator (GF254). Flash silica gel
column chromatography was performed using Tsingdao silica gel (60,
particle size 300-400 mesh). All the ' NMR and '3C NMR spectra were
recorded on a Bruker 400 MHz or 600 MHz spectrometer. Chemical
shifts (d) were expressed in parts per million using tetramethylsilane as
an internal reference. High-resolution mass spectra (HRMS) were
measured with an Agilent Accurate-Mass Q-TOF 6530 in ESI mode
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Fig. 5. The effect of ATV041 on inhibiting viral replication and reducing inflammation in MHV-A59-infected BALB/c mice model. a Flowsheet of the experiment.
The BALB/c mice were intranasally inoculated with MHV-A59 (TCIDs, = 10~7-*25/100 pL per mouse) and were orally treated with vehicle (MHV, n = 12), ibuprofen
(70 mg/kg (34 mM/kg), QD, n = 12), GS-441524 (100 mg/kg (34 mM/kg), QD, n = 12) or ATV041 (10, 50 or 200 mg/kg, QD, n = 12). The normal control (NC, n =
8) was treated with vehicle (15% Cremophor EL + 82.5% PBS + 2.5% DMSO) and house together. b Change in body weight was measured over time. ¢ The survival
curve is shown. d The abundance of MHV-A59 M gene copies in mouse lungs and livers via QqRT-PCR at 3 dpi. e The concentrations of ALT and AST in the serum are
shown. Detection of proinflammatory cytokines in the supernatant of homogenates of lungs (f) and livers (g) at 3 dpi. QD: once daily. Error bars indicate SEM. A
Kruskal-wallis test was used for statistical analysis. Data are presented as Mean + SEM. ns, no significant difference; *P < 0.05; **P < 0.005; ***P < 0.0005; ****P

< 0.0001.

(Agilent, Santa Clara, CA, USA). HPLC analyses were performed using a
Hewlett Packard Model HP 1100 Series instruments, the compounds are
at least >95% pure (OD-3; eluent, n-hexane/isopropanol = 70/20; flow
rate 0.8 mL/min; temperature 30 °C; wavelength 254 nm; HPLC analysis
data are reported in relative area % and were not adjusted to weight %).

4.1.2. Synthesis of (3aR,4R,6R,6aR)-4-(4-aminopyrrolo[2,1-f][1,2,4]
triazin-7-yD-6-(hydroxymethyl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]
dioxole-4-carbonitrile (2)

To a solution of GS-441524 (10.0 g, 0.034 mol) in dichloromethane
(50 mL) was added 2,2-dimethoxypropane (22 g, 0.21 mmol) and p-
toluenesulfonic acid (5.8 g, 0.034 mol). The mixture was stirred at room

temperature until the raw material was completely consumed as moni-
tored by TLC. The reaction was quenched with heptane (100 mL) and
stirred for additional 2 h. The suspension was filtered and the filter was
washed with saturated solution of sodium carbonate. After drying the
product at 50 °C in the oven, intermediate 2 was obtained as a white
solid (10.7 g, 95% yield). H NMR (400 MHz, Chloroform-d) & 7.93 (s,
1H), 7.08 (d, J = 4.6 Hz, 1H), 6.66 (d, J = 4.9 Hz, 1H), 5.98 (s, 2H), 5.43
(d, J = 6.5 Hz, 1H), 5.24 (dd, J = 6.6, 2.3 Hz, 1H), 4.67 (q, J = 1.9 Hz,
1H), 4.04-3.74 (m, 2H), 1.81 (s, 3H), 1.40 (s, 3H).



Q. Zhou et al.

European Journal of Medicinal Chemistry 249 (2023) 115113

fen (70 mg/kg)

A 3

Fig. 6. Representative histopathology is shown for lungs (a) and livers (b) isolated from mice in the indicated treatment groups at 3 dpi. Scale bar: 100 pm.

4.1.3. Synthesis of ((3aR,4R,6R,6aR)-6-(4-aminopyrrolo[2,1-f][1,2,4]
triazin-7-yl)-6-cyano-2,2-dimethyltetrahydrofuro[3,4-d] [1,3]dioxol-4-y])
methyl 2-(3-phenoxyphenyl)propanoate (3a)

To a solution of intermediate 2 (1.0 g, 3.0 mmol), corresponding
NSAIDs (3.0 mmol), 4-dimethylaminopyridine (36.6 mg, 0.3 mmol) in
acetonitrile (CAN, 20 mL) was added N,N’-diisopropylcarbodiimide (0.4
g, 3.2 mmol) in dropwise. The mixture was stirred at room temperature
for 12 h. The suspension was filtered and the solvent was washed with
30 mL of saturated solution of Nap,CO3 and then with 30 mL of an
aqueous solution of citric acid (20% w/v). The organic layer was dried
over anhydrous NaySO4. After removal of the solvent in vacuo, the res-
idue was purified by column chromatography (PE/EA = 1:1). 3a was
obtained as a white solid (1.5 g, 90% yield).

4.1.4. General procedure for preparation of compounds ATV038~043

((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f]1[1,2,4]triazin-7-yl)-5-
cyano-3,4-dihydroxytetrahydrofuran-2-yl)methyl 2-(3-phenoxyphenyl)
propanoate (ATV038).

Compound 3a (1.5 g, 2.7 mmol) was added to a mixture of formic
acid (10 mL) and water (5 mL). The reaction solution was stirred at
50 °C. After 36 h, the reaction was completed as monitored by TLC. The
formic acid was removed in vacuo, and the resulting residue was dis-
solved with ethyl acetate (5 mL). Then the pH was adjusted to 7-8 with
50% NapCO3 and stirred for at least 1 h at 0-5 °C. The precipitate was
collected by filtration and washed with ethyl acetate to give the anomers
of ATV038 as a white solid (0.74 g, 53% yield). HPLC purity: 100%. ‘H
NMR (600 MHz, DMSO-dg) & 7.94 (br, 2H), 7.90 (s, 1H), 7.45-7.24 (m,
3H), 7.18-6.81 (m, 7H), 6.71 (dd, J = 38.9, 4.5 Hz, 1H), 6.33 (dd, J =
26.5, 6.0 Hz, 1H), 5.45-5.30 (m, 1H), 4.67-4.53 (m, 1H), 4.40-4.10 (m,
3H), 3.97-3.70 (m, 2H), 3.35 (s, 3H), 1.41-1.27 (m, 3H). 13C NMR (151
MHz, DMSO-dg) & 173.9, 173.8, 157.3, 157.2, 156.8, 156.0, 148.4,
143.1, 143.0, 130.6, 130.5, 130.5, 124.0, 123.9, 123.9, 123.0, 122.7,
119.2, 119.1, 118.1, 117.9, 117.5, 117.4, 117.0, 110.6, 101.4, 101.3,
81.7,81.4,79.6,79.4,74.5,70.5, 65.4, 64.1, 63.8, 44.7,19.0, 18.8. ESI-
HRMS: m/z [M+H]™ caled for Co7H26N506: 516.1883; found: 516.1876.

Compounds ATV039~ ATV043 were synthesized using a procedure
analogous to the synthesis of compound ATV038.

((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f1[1,2,4]triazin-7-yl)-5-cya
no-3,4-dihydroxytetrahydrofuran-2-yl)methyl  (S)-2-(6-methoxynaph-
thalen-2-yl)propanoate (ATV039).

ATV039 was obtained as a white solid (0.77 g, 59% yield). HPLC
purity: 99.88%. 'H NMR (600 MHz, DMSO-dg) & 7.96 (br, 2H), 7.92 (s,
1H), 7.74-7.68 (m, 2H), 7.65 (s, 1H), 7.33 (dd, J = 8.5, 1.8 Hz, 1H), 7.26
(d, J = 2.5 Hz, 1H), 7.12 (dd, J = 9.0, 2.5 Hz, 1H), 6.93 (d, J = 4.5 Hz,
1H), 6.75 (d, J = 4.5 Hz, 1H), 6.24 (d, J = 6.1 Hz, 1H), 5.34 (d, J = 5.8

Hz, 1H), 4.59 (t, J = 5.5 Hz, 1H), 4.37 (dd, J = 12.1, 2.6 Hz, 1H),
4.25-4.14 (m, 2H), 3.90-3.86 (m, 2H), 3.86 (s, 3H), 1.43 (d, J = 7.1 Hz,
3H). 13C NMR (151 MHz, DMSO-dg) § 173.7, 157.2, 155.6, 147.9, 135.4,
133.3, 129.1, 128.3, 127.0, 126.1, 125.6, 123.5, 118.7, 116.9, 116.6,
110.3, 105.7, 100.9, 81.4, 78.9, 74.0, 70.0, 63.3, 55.2, 44.4, 18.4. ESI-
HRMS: m/z [M+H] " caled for CasHagN5O06: 504.1883; found: 504.1876.

((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f1[1,2,4]triazin-7-yl)-5-
cyano-3,4-dihydroxytetrahydrofuran-2-yl)methyl 2-(3-benzoylphenyl)
propanoate (ATV040).

The anomers of ATV040 was obtained as a white solid (0.81 g, 62%
yield). HPLC purity: 100%."H NMR (600 MHz, DMSO-de) & 7.95 (br,
2H), 7.91 (s, 1H), 7.73-7.42 (m, 9H), 6.88 (dd, J = 9.1, 4.5 Hz, 1H), 6.69
(dd, J = 42.0, 4.5 Hz, 1H), 6.32 (dd, J = 28.4, 6.1 Hz, 1H), 5.39 (dd, J =
11.5, 5.9 Hz, 1H), 4.59 (dt, J = 23.5, 5.5 Hz, 1H), 4.43-4.14 (m, 3H),
4.00-3.78 (m, 2H), 1.45-1.34 (m, 3H). 13C NMR (151 MHz, DMSO-de) 5
196.0, 173.9, 156.0, 148.4, 141.3, 137.7, 137.6, 137.3, 133.2, 133.1,
132.4, 132.1, 130.1, 130.0, 129.3, 129.3, 129.0, 129.0, 128.9, 123.9,
117.3,117.0,117.0, 110.6, 110.6, 101.4, 101.3, 81.7, 81.5, 79.5, 79.4,
74.5,74.5,70.5,70.5, 64.2, 63.9, 55.4, 44.6, 19.0, 18.9. ESI-HRMS: m/z
[M+H]" caled for CogHosN506: 528.1883; found: 528.1877.

((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f1[1,2,4]triazin-7-yl)-5-cya
no-3,4-dihydroxytetrahydrofuran-2-yl)methyl 2-(4-isobutylphenyl)pro
panoate (ATV041).

The anomers of ATV041 was obtained as a white solid (0.83 g, 60%
yield). HPLC purity: 100%. H NMR (600 MHz, DMSO-dg) §7.93 (d, J =
1.7 Hz, 6H), 7.18-7.13 (m, 2H), 7.12-7.06 (m, 4H), 7.01 (d, J = 8.0 Hz,
2H), 6.93 (dd, J = 5.6, 4.5 Hz, 2H), 6.75 (d, J = 4.5 Hz, 1H), 6.67 (d, J =
4.5 Hz, 1H), 6.35-6.23 (m, 2H), 5.39-5.25 (m, 2H), 4.69-4.52 (m, 2H),
4.37-4.31 (m, 1H), 4.28-4.13 (m, 5H), 3.96-3.88 (m, 1H), 3.86-3.79
(m, 1H), 3.77-3.67 (m, 2H), 2.41 (d, J = 7.2 Hz, 2H), 2.36 (d, J = 7.1,
1.8 Hz, 2H), 1.85-1.64 (m, 2H), 1.42-1.26 (m, 6H), 0.88-0.69 (m, 12H).
13¢ NMR (151 MHz, DMSO) & 174.3,174.2, 156.1, 156.1, 148.4, 148.4,
140.3, 140.2, 138.1, 129.6, 129.5, 127.5, 127.5, 124.0, 117.4, 117.3,
117.0, 117.0, 110.7, 110.7, 101.4, 101.4, 81.8, 81.4, 79.5, 79.4, 74.5,
70.4, 70.4, 63.8, 63.5, 44.7, 44.7, 44.6, 44.5, 30.0, 30.0, 23.8, 22.7,
22.6, 22.5, 19.1, 18.9. ESI-HRMS: m/z [M+H]" caled for CosH3¢N50s:
480.2247; found: 480.2241.

((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f1[1,2,4]triazin-7-yl)-5-cya
no-3,4-dihydroxytetrahydrofuran-2-yl)methyl 2-(2-((2,6-dichlorophen
ylDamino)phenyl)acetate (ATV042).

The anomers of ATV042 were obtained as a white solid (0.82 g, 49%
yield). HPLC purity: 100%. H NMR (600 MHz, DMSO-dg) 6 7.97 (br,
2H), 7.94 (s, 3H), 7.52 (d, J = 8.1 Hz, 2H), 7.21 (t, J = 8.1 Hz, 1H), 7.15
(dd, J = 7.5, 1.6 Hz, 1H), 7.10-7.01 (m, 2H), 6.92 (d, J = 4.5 Hz, 1H),
6.86-6.76 (m, 2H), 6.34 (d, J = 6.0 Hz, 1H), 6.24 (dd, J = 8.1, 1.2 Hz,
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1H), 5.42 (d, J = 5.9 Hz, 1H), 4.67 (dd, J = 6.0, 4.9 Hz, 1H), 4.40 (dd, J
= 11.8, 2.4 Hz, 1H), 4.32-4.19 (m, 2H), 3.82 (s, 2H). 3C NMR (151
MHz, DMSO-dg) & 171.9, 156.1, 148.4, 143.4, 137.5, 131.4, 131.3,
129.6, 128.3, 126.5, 123.9, 123.3, 121.0, 117.4, 117.0, 116.2, 110.8,
101.4, 81.6, 79.7, 74.4, 70.7, 64.5, 37.3. ESI-HRMS: m/z [M+H]" calcd
for CogHa3CloNgOs: 569.1107; found: 569.1101.

((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-cya
no-3,4-dihydroxytetrahydrofuran-2-yl)methyl 2-(1-(4-chlorobenzoyl)-
5-methoxy-2-methyl-1H-indol-3-yl)acetate (ATV043).

ATV043 was obtained as a white solid (0.71 g, 42% yield). HPLC
purity: 99.76%. TH NMR (600 MHz, DMSO-dg) 6 7.93 (s, 3H), 7.70-7.58
(m, 4H), 6.98 (d, J = 2.5 Hz, 1H), 6.94 (d, J = 9.0 Hz, 1H), 6.90 (d, J =
4.5Hz, 1H), 6.78 (d, J = 4.5 Hz, 1H), 6.71 (dd, J = 9.0, 2.6 Hz, 1H), 6.31
(d, J = 6.0 Hz, 1H), 5.41 (d, J = 5.8 Hz, 1H), 4.69-4.61 (m, 1H),
4.43-4.32 (m, 1H), 4.30-4.21 (m, 2H), 3.95 (q, J = 5.8 Hz, 1H), 3.79 (s,
2H), 3.71 (s, 3H), 2.18 (s, 3H). 13C NMR (151 MHz, DMSO) & 174.3,
174.2, 156.1, 156.1, 148.4, 148.4, 140.3, 140.2, 138.1, 129.6, 129.5,
127.5, 127.5, 124.0, 117.4, 117.3, 117.0, 117.0, 110.7, 110.7, 101.4,
101.4, 81.8, 81.4, 79.5, 79.4, 74.5, 70.4, 70.4, 63.8, 63.5, 44.7, 44.7,
44.6, 44.5, 30.0, 30.0, 23.8, 22.7, 22.6, 22.5, 19.1, 18.9. ESI-HRMS: m/z
[M+H]" caled for C3;HgCINgO7: 631.1708; found: 631.1701.

4.2. Biology

4.2.1. Cells, and viruses

L1929 cells were purchased from the American Type Culture Collec-
tion, Feline kidney cells (CRFK cells) and Swine testicle cells (ST cells)
were stored at Guangdong Province Key Laboratory of Laboratory Ani-
mals. MHV-A59 was obtained from the American Type Culture Collec-
tion and expanded in mouse liver cells NCTC 1469. Supernatants were
collected and a passage 7 stock was subsequently stored at —80 °C until
used. Canine coronavirus (CCoV), Transmissible Gastroenteritis Virus
(TGEV) and Infectious Peritonitis Virus (FIPV) were isolated and stored
at Guangdong Province Key Laboratory of Laboratory Animals. All the
virus infection experiments were performed in the BSL 2 laboratory of
Guangdong Laboratory Animals Monitoring Institute. All animal studies
protocols were approved by the Animal Welfare Committee and all
procedures used in animal studies complied with the guidelines and
policies of the Animal Care and Use Committee.

4.2.2. Invitro anti-MHV-A59, CCoV, FIPV and TGEV activity assays

1929 cells, CRFK cells and ST cells were cultured in DMEM supple-
mented with 10% FBS, 100 U/mL penicillin and streptomycin at 37 °C in
a humidified atmosphere of 5% CO». The cells were seeded in 48-cell
plates for 24 h to reach 80% confluence and washed thrice with
serum-free medium. 1929 cells were infected with MHV-A59 (0.01
MOI), CRFK cells were infected with CCoV and FIPV (0.01 MOI), ST cells
were infected with TGEV (0.01 MOI) at 37 °C for 1 h. ATV041, ATV044,
GS-441524, or DMSO were added at concentrations ranging from 0.1
pmol/L to 100 pmol/L, respectively. DMSO was set as the blank control.
After incubating at 37 °C for 48 h, cells and supernatants were harvested
to determine viral loads by using qRT-PCR. The inhibition rate of ana-
logs was calculated based on the viral copy number, and the 50%
effective concentration (ECsg) was calculated with Graphpad Prism
software 8.0.

4.2.3. gRT-PCR analysis

For the detection of cellular viruses and tissue viruses, total RNA was
isolated from cells or tissue samples with TRIzol reagent under the in-
struction of the manufacturer as previous reported [36]. The mRNAs
were reverse transcribed into ¢cDNA by PrimeScript RT reagent Kit
(Takara). The cDNA was amplified by a fast two-step amplification
program using ChamQ Universal SYBR qPCR Master Mix (Vazyme
Biotech Co., Ltd) or Taq Pro HS Universal Probe Master Mix (Vazyme
Biotech Co., Ltd). GAPDH was used to normalize the input samples via
the ACt method. The relative mRNA expression level of each gene was
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normalized to GAPDH housekeeping gene expression in the untreated
condition, and fold induction was calculated by the AACT method
relative to those in untreated samples. The QqRT-PCR primers are listed in
Table S1.

4.2.4. Pharmacokinetic study in SD rats

Male SD rats (n = 3) were fasted for 12 h before drug administration
[37]. ATV041 was administered intravenously at 5 mg/kg or intra-
gastrically at 25 mg/kg. Blood samples were collected from the jugular
vein into anticoagulant EDTA-K2 tubes at 0.083, 0.25, 0.5, 1, 2, 3,4, 6, 8
and 24 h for the iv group, and 0.25, 1, 0.5, 2, 3, 4, 6, 8, and 24 h for the
po group, respectively. All samples were centrifuged under 4000
rpm/min for 10 min at 4 °C and the plasma (supernatants) were
collected and stored at —65 °C for future analysis. An aliquot of 50 pL of
each plasma sample was treated with 250 pL of acetonitrile. The samples
were centrifuged under 4000 rpm/min for 10 min and filtered through
0.2 pm membrane filters. The concentration of analytes in each sample
was analyzed by LC/MS/MS. PK parameters were determined following
a noncompartmental analysis of the plasma concentration—time data by
using Phoenix WinNonlin7.0. The following PK parameters are reported:
clearance (CL; L/h/kg), the volume of distribution at steady state (Vss;
L/kg), terminal half-life (T1/2; h), maximum concentration (Cmax; pM),
and area under the concentration—time curve from time O to infinity
(AUCinf; pM-h).

4.2.5. Tissue distribution

10 male BALB/c mice were randomly divided into two groups. All
rats were intragastrically administered with a single dose of 200 mg/kg
ATVO041 (n = 5) or 200 mg/kg GS-441524 (n = 5). At 1 h post-dosing,
the mice were anesthetized, and tissues including kidney, liver, lung,
and plasma were harvested. Blood samples were collected and centri-
fuged to obtain the plasma. All the samples were stored at —80 °C for
further use. Tissue samples were individually homogenized, and the
concentrations of the key metabolite GS-441524 and ibuprofen in
plasma and tissue homogenates were analyzed by LC-MS/MS using the
similar method as previously described [15].

4.2.6. Mouse MHV efficacy study

Specific-pathogen-free (SPF) male BALB/c mice (3-4 weeks) were
anesthetized by respiratory with isoflurane and received an intranasal
inoculation of 30 pL MHV-A59 (TCIDso = 1077'%/100 uL) in
phosphate-buffered saline (PBS). Then the infected mice were randomly
divided into 6 group (Group A, B1~B2, C1~C3): vehicle (n = 12), GS-
441524 (B1, 100 mg/kg, QD), ibuprofen (B2, 70 mg/kg, QD), or
ATV041 (10 mg/kg (B5), 50 mg/kg (B6) or 200 mg/kg (B7), QD). Each
group has 12 animals. Drugs were dissolved in the vehicle containing
15% Cremophor EL, 82.5% PBS, and 2.5% DMSO. The oral adminis-
tration indicated drugs or vehicle started at 1 hpi and continuous for
four days. Mock-infected mice (group D) were treated with vehicle. Mice
were monitored daily for symptoms of disease: including body weights,
clinical symptoms, and death for 23 days. 4 mice of each group were
sacrificed at 3 dpi to collect lung and liver tissues for QRT-PCR testing,
proinflammatory cytokines test, and histopathologic examination, and
the plasma was taken for AST and ALT analysis.

4.2.7. AST/ALT assay

Blood from mice euthanized at 3 dpi was incubated at room tem-
perature to allow coagulation and then centrifuged to obtain serum; the
serum level of alanine transaminase (ALT) and aspartate aminotrans-
ferase (AST) were measured by using Clinical Chemistry Analyzer MS-
480.

4.2.8. ELISA assay for cytokines profiles

0.1 g mice lung or liver tissue samples were added 0.9 mL double
distilled water and homogenized at 60 Hz for 60 s under 4 °C. After
centrifuging under 5000 rpm for 15min, the supernatants were
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transferred to a clean tube. The inflammatory cytokines in the super-
natants were determined. Mouse IFN-beta were determined by using
Quantikine ELISA kit (MIFNBO, R&D Systems) and mouse TNF-a, IFN-y,
IL-1p, IL-6, and CXCL10 were determined by using premixed multi-
analyte kit (LXSAMSM-05, R&D Systems) according to the manufac-
turer’s protocol. The optical density of assay wells was determined by
using a microplate reader set to 450 nm and the concentration at each
well was calculation according to the serial diluted standards.

4.2.9. Hematoxylin and eosin staining

Lung and liver dissections were fixed in zinc formalin and embedded
with paraffin. Tissue sections (~4 pm) were stained with hematoxylin
and eosin for histopathologic examination. Sections were visualized
under microscopy (ECLIPSE Ci-L, Nikon). Representative images were
taken at 200 x and 400 x . (Wuhan servicebio technology Co., Ltd).

4.2.10. Statistical analysis

Quantitative experiments were indicated as the means + SDs or
means + SEMs. A log-rank test, one-way analysis of variance (ANOVA)
with Kruskal-wallis’s correction was used for statistical analysis in Fig. 5
and respective details are indicated in the figure legends. P values less
than 0.05 was considered statistically significant.
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