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Main protease (MP) is a superior target for anti-SARS-COV-2 drugs. PF-
07304814 is a phosphate ester prodrug of PF-00835231 that is rapidly
metabolized into the active metabolite PF-00835231 by alkaline
phosphatase (ALP) and then suppresses SARS-CoV-2 replication by inhibiting
Mpre  PF-07304814 increased the bioavailability of PF-00835231 by enhancing
plasma protein binding (PPB). P-glycoprotein (P-gp) inhibitors and cytochrome
P450 3A (CYP3A) inhibitors increased the efficacy of PF-00835231 by
suppressing its efflux from target cells and metabolism, respectively. The life
cycle of SARS-CoV-2 is approximately 4 h. The mechanisms and efficacy
outcomes of PF-00835231 occur simultaneously. PF-00835231 can inhibit
not only cell infection (such as Vero E6, 293T, Huh-7.5 HelLa*angotensin-
converting enzyme 2 (ACE2)  ABAQ+ACEZ and MRC-5) but also the human respiratory
epithelial organ model and animal model infection. PF-07304814 exhibits a
short terminal elimination half-life and is cleared primarily through renal
elimination. There were no significant adverse effects of PF-07304814
administration in rats. Therefore, PF-07304814 exhibits good tolerability,
pharmacology, pharmacodynamics, pharmacokinetics, and safety in
preclinical trials. However, the Phase 1 data of PF-07304814 were not
released. The Phase 2/3 trial of PF-07304814 was also suspended.
Interestingly, the antiviral activities of PF-00835231 derivatives (compounds
5-22) are higher than, similar to, or slightly weaker than those of PF-00835231.
In particular, compound 22 exhibited the highest potency and had good safety
and stability. However, the low solubility of compound 22 limits its clinical
application. Prodrugs, nanotechnology and salt form drugs may solve this
problem. In this review, we focus on the preclinical data of PF-07304814
and its active metabolite derivatives to hopefully provide knowledge for
researchers to study SARS-CoV-2 infection.
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1 Introduction

Coronavirus disease 2019 (COVID-19), which is caused by
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2),
quickly spread worldwide since its first discovery on 5 December
2019. To date, COVID-19 still impacts us all Multiple
pharmaceutical interventions and vaccines have been approved to
mitigate or prevent the course of this disease. The drugs interventions
include Paxlovid (nirmatrelvir (PF-07321332)/ritonavir), Lagevrio
Kineret  (anakinra),
Regkirona (regdanvimab), RoActemra (tocilizumab), Ronapreve
(casirivimab/imdevimab), Xevudy (sotrovimab), BRII-196/BRII-
198, etesevimab/bamlanivimab, bamlanivimab, Regkirona, and
Ronapreve, and the vaccines include Comirnaty, BNT162b2,
and BBIBP-CorV (Sokullu E, 2021;
Fernandes Q, 2022). However, these interventions have not been
able to completely stop the risk of COVID-19 infection, and more
drugs still need to be developed to overcome the outbreak.

The main protease (MP*) of SARS-CoV-2 (also named 3C-
like protease, 3CLP™ or nsp5) plays a key role in viral replication.

(molnupiravir), Veklury (remdesivir),

Spikevax, CoronaVac,

Interestingly, MP* is highly conserved in coronaviruses and is not
a human homolog, suggesting that MP™ is an important target for
PF-07304814 (also named
lufotrelvir), which is a highly soluble phosphate prodrug of
PF-00835231, was the first MP™ inhibitor to enter clinical
In fact, the oral form of PF-07304814, named
nirmatrelvir, was developed and approved by the U.S. Food
and Drug Administration (FDA) on 2021.12.22 (Simsek-
PF-
07304814 and nirmatrelvir are different not only in dosage

antiviral drug development.

trials.

Yavuz and Komsuoglu Celikyurt, 2021). However,
form but also in structure. In this review, we focus on the
preclinical data of PF-07304814 and its active metabolite
derivatives to hopefully provide knowledge for researchers to
study SARS-CoV-2 infection.

2 MP™: A superior target for anti-
SARS-COV-2 drugs

The biological structure of SARS-CoV-2 contains an RNA
gene chain, nonstructural proteins (nsps), structural proteins
and accessory proteins. There are 16 nsps, from nsp1 to nsp16;
4 structural proteins, including spike (S) protein, membrane
(M) protein, envelope (E) protein, and nucleocapsid (N)
protein; and 9 accessory proteins, including ORF3a,
ORF3b, ORF6, ORF7a, ORF7b, ORF8, ORF9b, ORF9¢, and
ORF10. Accessory proteins are not necessary for virus
replication but can help the virus fight host viral defense
mechanisms (Kim et al., 2020; Yao et al., 2020). MP™ is a
cysteine protease with a distinct substrate preference for
the site Leu-Gln/(Ser, Ala, Gly). The
replication of SARS-CoV-2 depends on polyproteins, and

glutamine at

MP™ dominates the replication of the Coronaviridae family
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of viruses by cleaving polyproteins when the viral RNA enters
the host cell. Polyproteins, including ppla and pplab, are
encoded by two-thirds of the 5’ end of the coronavirus viral
genome. These polypeptides are cleaved into mature nsps via
two viral cysteine proteases, MP™ and papain-like protease
(PLP™). These nsps promote viral replication by assembling
into a replication-transcription complex (Zhang L, 2020).
MP of SARS-CoV-2 shows >96% sequence identity with
MPe of SARS-CoV; in particular, the MP™ binding pocket
residues are strongly conserved. Most importantly, mammals,
including humans, mice, rats, pigs, and monkeys, lack homologs
of MP,
sequence. Deliberately developing highly selective MP* inhibitors

and mammalian proteases do not recognize the MP®

may reduce the risk of side effects from taking these drugs.
Indeed, a large number of compounds have been found to exhibit
inhibitory activity against MP™; however, only nirmatrelvir has
been approved (Garcia-Lledo et al,, 2021). Nirmatrelvir may
cause a second round of COVID-19 symptoms, embryonic
developmental toxicity and changes in host gene expression
(Dai et al, 2022). Therefore, there is an urgent need for
effective and bioavailable antiviral drugs to treat SARS-COV-
2 infection.

3 The mechanism of PF-07304814
against SARS-CoV-2 infection

3.1 The binding sites of PF-00835231 and
Mpro

The hydroxymethyl ketone of PF-00835231 forms a
covalent bond with the MP™ active site cysteine (Cys145) to
suppress MP™ activity (Figure 1) (Giacomo G. Rossetti, 2020;
Hangchen Hu, 2022). The P1’ position of PF-00835231 has a
hydroxymethyl group that resembles a serine residue, that
enables MP™ to easily bind to this moiety. Specifically, the
groups in the P1 position of PF-00835231 establish hydrogen
bonds with MP™ residues such as His163, Glu166 and Phe140.
The isobutyl hydrocarbon group at the PF-00835231
P2 with  the
His41 imidazole ring as well as other nearby residues, such
as His164, Met165 and GIn189. The PF-00835231 P3 position
is exposed to the solvent and stabilized by hydrogen bonding
with the backbone atoms of Met165, Glu166 and Glul89 (Baig
et al., 2021; Ramos-Guzman et al., 2021).

position forms stacking interactions

3.2 PF-07304814 was metabolized into
the active compound PF-00835231 by
alkaline phosphatase

The active compound PF-00835231 suppresses coronavirus
replication. However, PF-00835231 has limited clinical application
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FIGURE 1

Mechanism and major binding site of PF-07304814 to suppress MP™ activity.

due to its poor solubility and bioavailability. ALP could increase the
exposure of phosphate ester prodrugs to their respective active
metabolites. Many phosphate ester prodrugs have also been
approved by the FDA, suggesting that designing the phosphate
ester prodrug of PF-00835231 could increase its aqueous
solubility. PF-07304814 is a phosphate ester prodrug of PF-
00835231 that is rapidly metabolized into PF-00835231 by ALP,
which then suppresses SARS-CoV-2 infection (Fulmali A, 2022).

3.3 PF-07304814 increased the
bioavailability of PF-00835231 by
enhancing plasma protein binding

The total drug concentration in plasma consists of two parts, the
free plasma drug concentration (UPC) and the bound plasma protein
concentration. PPB [also called the binding rate of plasma protein
(BRPP)] is a dynamic process that acts as a drug warehouse. Drugs
with high PPB are eliminated slowly in vivo, as they remain in the body
for a long time and have stable efficacy, suggesting that PPB plays a key
role in the effects of a drug and its length of maintenance (Charlier
et al, 2021). PF-07304814 exhibits high PPB in humans (81.6%),
monkeys (63.9%), dogs (68.8%), and rats (62.1%), while the PPB of its
metabolite PF-00835231 in these species are 55.1%, 55.9%, 58.4%, and
67.3%, respectively, suggesting that PF-07304814 has a higher PPB
than its metabolite PF-00835231 in vivo (Boras et al., 2021). Therefore,
PF-07304814 increased the bioavailability of PF-00835231 by
enhancing plasma protein binding (PPB) as a drug warehouse.

3.4 The efficacy of PF-00835231 to
suppress MP™ activity

PF-00835231 can tightly and specifically bind to SARS-CoV-
2 MP™ with half-maximal inhibitory concentration (ICs) values
ranging from 0.27 nM to 8 nM (Hoffman et al., 2020; Boras et al.,
2021; Vandyck et al, 2021; Johansen-Leete et al., 2022). PF-
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00835231 also suppressed MP™ of other coronaviruses with
inhibition constants (Ki values) ranging from 30 p.m. to
4nM, such as alpha-CoVs (including NL63-CoV, HCoV-
229E, PEDV, and FIPV), beta-CoVs (including HKU4-CoV,
HKU5-CoV, HKU9-CoV, MHV-CoV, MERS-CoV, OC43-
CoV, HKUI-CoV), and gamma-CoVs (including IBV-CoV).
In addition, the affinity of PF-00835231 to Mpro is
independent of pH, suggesting that PF-00835231 exhibits very
stable binding to and inhibition of MP® in vivo. PF-00835231
suppressed HIV-1 and HCV proteases with ICs, values above
10 uM, which are approximately 1000-fold higher than those of
coronavirus MP™. PF-00835231 also suppressed rhinovirus
HRV3C protease with an ICs, of approximately 2.79 uM
(Barazorda-Ccahuana et al., 2021; Liu et al., 2021). Therefore,
PF-00835231 can produce a strong effect and broad-spectrum
activity to suppress coronavirus MP™.

Interestingly, PF-07304814 also suppressed SARS-CoV-
2 MP* with a Ki of 174 nM, which was 644-fold higher than
that of PF-00835231 (0.27 nM). PF-07304814 suppressed MP™ of
HCoV-NL63, HCoV-HKU1, SARS-CoV-2, and MERS-CoV
with ICsy values ranging from 0.6921 pM to 31.59 pM, which
were higher than those of PF-00835231 (ranging from 8.6 nM to
383.9nM), suggesting that the activity of PF-07304814 in
suppressing MP™ is weaker than that of PF-00835231 (Li J,
2022). However, PF-07304814 exhibited antiviral efficacy
similar to that of PF-00835231 in vitro (Boras et al., 2021).
Therefore, PF-07304814 may itself have antiviral activity, or it
may be metabolized into PF-00835231 to exert antiviral activity
in vitro. More research on this topic is needed.

3.5 The mechanisms and efficacy
outcomes of PF-00835231 occur
simultaneously

The life cycle (replication cycle) of USA-WA1/2020 in
A5491"4°F cells is approximately 4 h. Time-of-drug-addition

frontiersin.org
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Pharmacology, pharmacokinetics and toxicology of PF-07304814.

studies have Table 1 shown that PF-00835231 inhibited USA-
WA1/2020 replication in A549*°* cells at the same time as it
inhibited MP™, suggesting that PF-00835231 can effectively
suppress SARS-CoV-2 replication in the early stage of infection
(de Vries et al., 2021).

3.6 P-glycoprotein inhibitors increased
the efficacy of PF-00835231 by
suppressing its efflux from target cells

Many studies have shown that PF-00835231 is a substrate
of P-gp (also called multidrug resistance protein 1 (MDR1)
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FIGURE 3
The ECsq value of PF-00835231 and its derivatives to
suppress SARS CoV-1 229E in MRC-5 cells.
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or ABC subfamily B member 1 (ABCB1)), which is a pump
capable of promoting drug efflux from target cells (Kodan A,
2021; Taskar KS, 2022). P-gp inhibitors increase the potency
of PF-00835231 in wvitro. Specifically, PF-00835231
suppressed SARS-CoV-2 Wuhan-Hu-1, Washington strain
1, Belgium/GHB-03021/2020 infection in A549, Calu-1,
Vero E6, Vero E6-enACE2 (Vero E6 kidney cells enriched
with ACE2), and Vero E6-EGFP (Vero E6 cells constitutively
expressing EGFP) cells with ECsq values ranging from
24.7 nM to 88,900 nM in the absence of P-gp inhibitors
(such as CP-100356 and elacridar). In contrast, P-gp
inhibitors reduced these values by 1.24- to 168.6-fold (Xi
He, 2020; Boras et al., 2021). However, P-gp expression is cell
type specific. P-gp was found to be expressed in only 1.77% of
CD81/NK cells, 0.59% of proliferating T cells, and 0.06% of
alveolar macrophages and not in other cell types (including
SPP1+ macrophages, M1-like macrophages, epithelial cells,
plasma cells, and neutrophils) in bronchoalveolar lavage
(BAL) samples from healthy individuals. P-gp expression
was also very low in BAL samples from mild and severe
COVID-19 patients, suggesting that P-gp expression is
extremely low in airway epithelial cells. The first and main
organ to be infected by SARS-CoV-2 is the lungs along with
respiratory tract cells. P-gp inhibitors (such as CP-100356)
did not change the efficacy of PF-00835231 in respiratory
tract cells, including HAEC, MRC-5 and A5491"4<* cells (de
Vries etal., 2021). Thus, P-gp inhibitors may have little effect
on the efficacy of PF-00835231 after SARS-CoV-2 infection
of the respiratory epithelium. However, internally, the
human body is more complicated. SARS-CoV-2 also
infects multiple organs and cell types in the human body.
Therefore, P-gp inhibitors may affect the efficacy of PE-
00835231 in vivo. More research is needed.
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3.7 Cytochrome P450 3A inhibitors
enhanced the efficacy of PF-00835231 by
slowing its metabolic degradation

PF-00835231 is primarily metabolized by cytochrome
P450 3A4 (CYP3A4) and CYP3A5. The CYP3A inhibitor
itraconazole increased the plasma concentration of PF-
00835231 exposure by 2.2-fold in vivo (Boras et al., 2021).
Indeed, CYP3A inhibitors, such as ritonavir, are strong
inhibitors of CYP3A4 and are often used as effective drug
boosters. A combination of ritonavir and nirmatrelvir (1:
2 ratio) was approved for the treatment of COVID-19
infection by the FDA. Ritonavir enhances the plasma
concentration of nirmatrelvir by 8-fold by slowing its
metabolic degradation (Singh et al., 2022). Thus, CYP3A
inhibitors enhanced the efficacy of PF-00835231 by slowing
its metabolic degradation.

4 The efficacy of PF-07304814
against SARS-CoV-2 infection

4.1 In vitro

4.1.1 PF-00835231: A broad-spectrum anti-
novel coronavirus agent (ECsq and ECqq values)
PF-00835231 suppressed multiple coronavirus infections
in vitro, including SARS-CoV-2, HCoV-229E, SARS-CoV-
MA15, hCoV 229E, MERS, and SARS CoV-1, with ECs
values ranging from 40nM to 5uM. Many studies have
shown that the EC90 value more accurately predicts the
PF-00835231
its

effective  concentration of drugs in vivo.
suppressed  SARS-CoV-2

cytopathic effects (such as ring syncytium formation and the

replication  and induced
overall number of infected foci) in vitro, with ECy values ranging
from 400 nM to 1,158 nM (Hoffman et al., 2020; Boras et al.,
2021; de Vries et al., 2021). Therefore, the effective dose of PF-
00835231 for inhibiting SARS-CoV-2 replication in vivo may be
below 2 uM.

As mentioned above, the MP™ sequences of different
coronaviruses are similar, especially at the active sites, which
are 100% identical. However, the coding sequences of MP® from
SARS-CoV-MA15,  SARS-CoV-2  Cl145A,  SARS-CoV-
2 Omicron, and SARS-CoV-2 B.1.352 (South African variant)
have mutations. Interestingly, these mutation sequences are
located distal to the active site. Notably, PF-00835231 still
inhibited the replication of these mutant viruses in Vero
E6 cells with an ECsy of approximately 90 nM (Boras et al.,
2021). However, PF-00835231 did not inhibit the replication of
other viruses in MRC-5 cells, including HRV-14, HRV-16, HIV-
1 RF, HCV replicon, and HCMV RC256, suggesting that PF-
00835231 may suppress only coronaviruses (de Vries et al., 2021;
Sacco et al., 2022).
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4.1.2 The efficacy of PF-00835231 in a human
respiratory epithelial organ model

SARS-CoV-2 can infect multiple organs and cell types in the
human body. However, the first and main organ to be infected is
the lung along with respiratory tract cells (de Freitas Santoro D,
2021). Human respiratory epithelial tissue consists of three main
cell types: basal cells, secretory cells, and ciliated cells; thus, the
physiological structure and function of the human respiratory
epithelium cannot be replicated in vitro. Interestingly, human
polarized airway epithelial cultures (HAECs), which contain
multiple cell types (including ciliated, microfold, secretory,
suprabasal, basal, and cycling basal cells), mucus and a
basolateral chamber, can reproduce the typical architecture
and functions of the human respiratory epithelium (Liu X,
2020; de Vries et al,, 2021). This finding suggests that HAECs
are one of the most physiologically relevant human respiratory
epithelium organoids in vitro due to their characteristic polarized
architecture. Interestingly, PF-00835231 strongly suppressed
USA-WA1/2020-infected HAECs in a dose-dependent
manner, suggesting that PF-00835231 suppresses SARS-CoV-

2 infection in vivo.

4.1.3 Synergy and additivity of PF-00835231 and
remdesivir

PF-00835231 could increase remdesivir's anti-SARS-CoV-
2 efficacy because these compounds target different parts of viral
replication (Boras et al, 2021). Indeed, these two drugs exhibited
synergy or additivity in patient sera, suggesting that they could be
combined to treat COVID-19 infection (Anirudhan V, 2021; Boras
et al, 2021; de Vries et al,, 2021). However, PF-00835231 did not
reduce the infectious titer when used in combination with
molnupiravir, suggesting that the combination of PF-00835231
and molnupiravir has no synergistic effect (Hulda R. Jonsdottir, 2022).

4.2 Animal model

Subcutaneous (S.C.) PF-00835231 decreased the number of
multifocal pulmonary lesions and lung viral load in the BALB/c
mouse model of SARS-CoV-MA15 infection. The lung viral titers
were reduced by 95.98% [30 mg/kg twice daily (BID)], 99.94%
(100 mg/kg BID) and 100% (300 mg/kg BID). In addition, PF-
00835231 was effective in both the early and late stages of virus
infection in this model (Boras et al., 2021). However, this model
cannot support SARS-CoV-2 replication because ACE2 is
different between mice and humans.

The adenovirus 5 human ACE2 (Ad5-hACE2) transgenic
generated by SARS-CoV-2 USA-WA1/
2020 infection supports virus replication in vivo. S.C. PF-
00835231 (100 mg/kg BID) reduced lung viral titers by 96.18%
in this model (Boras et al., 2021). However, the transgenic model

mouse model

is different from the normal model. Preclinical studies with
multiple animal models are a prerequisite for the development
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of new drugs and subsequent clinical applications. More models,
such as a mouse model of SARS-CoV-2 MA10 infection, a
hamster model of SARS-CoV-2 B.1.351 (beta) infection, and a
hamster model of SARS-CoV-2 B.1.617.2 (delta) infection, need
to be investigated.

5 Pharmacokinetics of PF-07304814
5.1 Metabolic pathways

As mentioned above, PF-07304814 is metabolized into the
active compound PF-00835231 by ALP. PF-00835231 is
metabolized into four metabolites by CYP3A4 and CYP3AS5.
However, the structures of the metabolites have not been
determined. The clearance of PF-07304814 in urine was less
than 0.1% in rats, dogs, and monkeys and lower than that of PE-
00835231 (7.8%, 4.8%, and 0.9%, respectively), suggesting that
renal elimination is not the main clearance route of PF-07304814
and PF-0083523 (Boras et al., 2021).

5.2 Metabolic rate

The conversion rates of PF-07304814 into the active metabolite
PF-00835231 are 68%, 81%, 78%, and 75% in rats, dogs, monkeys,
and humans, respectively. Generally, an oral bioavailability (oral F)
value greater than 10% is considered to show potential effectiveness
after oral administration (Boras et al., 2021). However, the oral F
values of PF-07304814 and PF-00835231 in rats and monkeys were
very low (<2%) regardless of dose, suggesting that after oral
administration, PF-07304814 and PF-00835231 have low
absorption and permeability. PF-07304814 exhibited a short
terminal elimination half-life (t;,) in rats (0.30h), dogs (0.5h),
monkeys (2.6h), and humans (0.1h), suggesting that PF-
07304814 is rapidly metabolized into PF-00835231 by ALP in
vivo. In addition, the terminal elimination t;,, of PF-07304814
was lower than that of PF-0083523 [rats (0.72h), dogs (1.5h),
monkeys (1.2 h), and humans (2 h)], suggesting that PF-07304814
is more favorable for continuous LV. infusion than PF-0083523
(Boras et al,, 2021). Taken together, these data suggest that PF-
07304814 may require continuous L.V. infusion to produce antiviral
activity due to its high rate of conversion to PF-00835231, low oral
bioavailability, systemic clearance and short elimination half-life.

6 Toxicology of PF-07304814
6.1 In vitro
The cytotoxicity (CCs) values of PF-00835231 in Vero E6-

enACE2, Vero E6-EGFP, and MCR5 cells were greater than
50 uM, suggesting that PF-00835231 has low toxicity. PF-
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07304814 and its metabolite PF-00835231 both had a negative
result in the bacterial reverse mutation assay and did not induce
micronuclei formation. PF-00835231 weakly inhibits CYP3A4/
5 in a time-dependent manner, suggesting that the risk of
drug-drug interactions (DDIs) between PF-00835231 and
other drugs may be low. PF-07304814 and PF-00835231 also
suppress the activity of other CYP450 enzymes and transporters,
including CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19,
CYP2D6, CYP3A, breast cancer resistance protein (BCRP),
P-gp, organic anion transporting polypeptide 1B1/3
(OATP1B1/3), organic cation transporter 1/2 (OCT1/2),
organic anion transporter 1/3 (OAT1/3), and multidrug and
toxin extrusion 1/2-K (MATE1/2-K). However, the ICs, values
were all above 20puM (Boras et al, 2021). PF-00835231
suppressed human proteases, including leukocyte elastase,
chymotrypsin, pepsin, thrombin, caspase 2, and cathepsin D
(CatD), with IC5, values above 10 uM, which are approximately
1000-fold higher than those of the coronavirus M (Hoffman
et al,, 2020; Boras et al., 2021). Therefore, the off-target effect of
PF-00835231 was low in vivo.

As mentioned above, HAECs represent a physiologically
relevant organoid model. PF-00835231 did not change the
tissue morphology or the epithelial layer integrity of HAECs.
In addition, PF-07304814 and PF-00835231 suppressed the
hERG current amplitude at concentrations greater than
300 uM, which is 125 times that of the human total maximal
plasma concentration (Cp,,) of PF-00835231 (2.4uM),
suggesting  that the secondary pharmacology and
cardiovascular toxicity of these drugs are very low. These
compounds also have no effect on hemolysis, flocculation and
turbidity, suggesting that they are compatible with human blood
and could be suitable for 1.V. administration (Boras et al., 2021;
de Vries et al., 2021). Thus, PF-07304814 and PF-00835231 may
have low toxicity in vivo.

6.2 Animals

There was no target organ or neurological toxicity in rats
treated with a high dose of PF-07304814 (1,000 mg/kg,
corresponding to a PF-00835231 dose of 680 mg/kg) after
continuous L.V. infusion for 24 h. Due to the problem with
solubility, the highest feasible and tolerable dosage of PF-
00835231 is only 246 mg/kg/d in rats. There were no
significant adverse effects in male rats with this dosage
after continuous L.V. infusion for 4 days. There were only
mild adverse reactions, including a 1.3-fold increase in
cholesterol, 1.9- to 3.6-fold increases in triglycerides, and
a 1.1-fold increase in phosphorus levels compared with the
control (Boras et al., 2021). Taken together, these data show
that PF-07304814 exhibits good tolerability, pharmacology,
pharmacodynamics,
(Figure 2).

pharmacokinetics, and  safety
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7 Mechanism and antiviral activity of
the lead structure and derivatives of
PF-00835231

Lead compound PF-00835231 was patented by Pfizer (Robert
Louis Hoffman et al., 2020), as were its derivatives and analogs
(compounds 1-54) (Supplementary Table S1) (Robert Louis
HoffmanRobert Steven KaniaJames Andrew NiemanSimon
Paul PlankenGeorge Joseph Smith, 2005; Robert Steven Kania
et al., 2006; Robert Louis Hoffman et al., 2020). The structures of
these compounds are similar to that of PF-00835231 and form a
hemithioacetal complex after the aldehyde group binds to the
MP™ active site cysteine (Cys145) to suppress MP™ activity. The
ECs values of compounds 1-4 were on the millimolar level due
to the lack of an aldehyde group (Robert Steven Kania et al.,
2006), whereas the ECs, values of compounds 5-22 were on the
(Robert HoffmanRobert
KaniaJames Andrew NiemanSimon Paul PlankenGeorge
Joseph Smith, 2005; Hoffman et al, 2020; Robert Louis
Hoffman et al, 2020), suggesting that the aldehyde group

micromolar level Louis Steven

plays an important role in antiviral activity. Compounds
5-18 suppress SARS-CoV-1 infection with ECs, values
ranging from 5uM to 10 uM, similar to PF-00835231 (5 uM)
(Robert Louis HoffmanRobert Steven KaniaJames Andrew
NiemanSimon Paul PlankenGeorge Joseph Smith, 2005;
Hoffman et al., 2020; Robert Louis Hoffman et al., 2020),
suggesting that the antiviral activity of these compounds is
similar to or slightly weaker than that of PF-00835231.
Compounds 19-22 suppress SARS-CoV-1 infection with
ECs5o values <5 uM, which are lower than that of PF-00835231
(5puM), suggesting that the antiviral activities of these
compounds are higher than or similar to that of PF-00835231.
Notably, the ECs, value of compound 22 (from 0.29 to 0.35 uM)
against SARS-CoV-1 infection was more than 14-fold lower than
that of PF-00835231, indicating that the antiviral activity of
compound 22 may be higher than that of PF-00835231
(Robert Louis HoffmanRobert Steven KaniaJames Andrew
NiemanSimon Paul PlankenGeorge Joseph Smith, 2005;
Hoffman et al., 2020; Robert Louis Hoffman et al., 2020).
Compound 22 showed higher metabolic stability in human
plasma (t;,, > 240 min) than PF-00835231 (t;;, = 120 min),
showing that compound 22 is more favorable for use than PF-
00835231 because its duration of action is longer. Compound
22 also showed low activity against endogenous glutathione
(GSH) (ti;» > 60 min) (Hoffman et al, 2020). GSH has a
variety of functions, including as an antioxidant,
modulator of DNA synthesis and repair, protector of thiol
groups in proteins, stabilizer of cell membranes, and antidote
for foreign organisms. GSH supplementation can be used as
adjunctive therapy for many diseases, including COVID-19,
hepatitis, hemolytic diseases, keratitis, cataracts and retinal
diseases, suggesting that compound 22 is relatively safe (Chen
D, 2022). However, compound 22 cannot be administered by
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I.V. due to its poor solubility (Hoffman et al, 2020).
Prodrugs, nanotechnology and salt form drugs may solve
this problem (Sanches BMA, 2019). Many studies are
therefore needed to confirm the bioavailability, antiviral
activity, metabolism and toxicity of compound 22 in vivo.

8 Future directions and challenges

More effective antiviral drugs are urgently required to
combat the public health emergency caused by COVID-19.
SARS-CoV-2 MP™ plays a key role in promoting viral
replication. Importantly, MP™ is highly conserved among
all coronaviruses. Mammalian proteases (including human
proteases) do not recognize the sequence of MP™, suggesting
that the development of highly specific MP™ inhibitors can
reduce COVID-19 infection with fewer side effects. Indeed,
many inhibitors have been found to exhibit inhibitory activity
against MP™, including PF-07304814, PF-00835231, lopinavir/
ritonavir, nirmatrelvir (also called PF-07321332), GC-376,
CDI-45205, ebselen, N3, TDZD-8, and alpha-ketoamide
(13b) (Agost-Beltran L, 2022; Castillo-Garit JA, 2022).
However, only oral nirmatrelvir has been approved for
clinical use, while three others are in clinical trials,
including FBI2001/PBI-0451 (Phase 1, NCT05011812,
Pardes Biosciences Inc.), S-217622 (Phase 3, NCT05305547,
NCT05363215, JPRN-jRCT2031210595, JPRN-
jRCT2031210350, JPRN-jRCT2031210202, Shionogi Inc.),
and PF-07304814 (Ahmad et al., 2021; Garcia-Lledo et al,,
2021). Therefore, there is an urgent need to develop effective
and Dbioavailable antiviral drugs to treat SARS-COV-
2 infection. Lopinavir/ritonavir has also been used in the
clinic for the treatment of COVID-19. However, lopinavir/
ritonavir have high protein binding properties, and the plasma
concentrations of lopinavir/ritonavir cannot reach the ECs,
value. Lopinavir/ritonavir are also not used for the treatment
of COVID-19 because they were ineffective in three
randomized controlled trials (RCTs) (Tripathi N, 2022).

PF-07304814 was metabolized into the active compound PF-
00835231 by ALP and then suppressed SARS-CoV-2 replication and
infection by inhibiting M in a preclinical trial. However, only 75%
of PF-07304814 is converted to PF-00835231 in humans. Toxicity
studies have shown that PF-07304814 and PF-00835231 are
relatively safe but have caused dyslipidemia and phosphorus
disorder in animal models. PF-00835231 derivatives bind to M?®
via a similar pathway to that of PF-00835231. The antiviral activities
of PF-00835231 derivatives (compounds 5-22) to suppress SARS-
CoV-1 infection are similar to or slightly weaker or higher than those
of PF-00835231 in vitro, especially compounds 19-22 (Figure 3).
However, the antiviral activity of these compounds has not been
investigated or reported in vivo. To our knowledge, the antiviral
activity of compounds 47-54 has not been investigated or reported.
Further studies are needed. Notably, compound 22 exhibited the
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highest potency to suppress SARS-CoV-1 (14-fold greater than that
of PF-00835231). Compound 22 may also have good safety and
stability. However, additional studies are needed to confirm the
timing of compound 22 intervention in vivo relative to SARS-CoV-
2 infection, COVID-19 disease stage, bioavailability, antiviral
activity, metabolism and toxicity. Indeed, the clinical application
of compound 22 is limited due to its low solubility, but improving
the solubility of compound 22 may be the key to the development of
new drugs.

The Phase 1 trial of PF-07304814 as an LV. drug was
performed in hospitalized participants with COVID-19 (N =
26) and healthy participants (N = 16), and its safety, tolerability,
and pharmacokinetics were evaluated (ClinicalTrials.gov
Identifier: NCT04535167, NCT04627532). However, the
results were not released. The Phase 2/3 trial of PF-07304814
from the ACTIV-3 trial was evaluated (NCT04501978).
However, this trial was suspended. According to the news
reported on their website, Pfizer initiated a Phase 2/3 study of
PF-07304814 in the third quarter of 2021 (Ltd, 2021b), and the
first participants were given PF-07304814 or placebo in
September 2021 (Ltd, 2021c). However, this global clinical
development project was discontinued for undisclosed reasons
in February 2022 (Ltd, 2021a). Despite this, it is still worth
studying to find more effective compounds, especially the PF-
00835231 derivatives, such as compounds 19-22 and 47-54. The
combination of PF-07404814 with other antiviral agents,
especially those targeting different stages of the viral
replication cycle, such as remdesivir, is a promising strategy to
inhibit viral replication. Only by staying true to our original
aspiration and persevering in research can we cope with and
overcome more public health events.

SARS-CoV-2 enters the host cell by binding to the host
ACE2 receptor. MP™ promotes the replication of SARS-CoV-2 by
cleaving the polyprotein to nsps. A total of 75% of PF-07304814
is converted to PF-00835231 by ALP in humans. PF-00835231
inhibits SARS-CoV-2 replication by binding to MP™ and
suppressing its activity. PF-00835231 suppressed the SARS-
CoV-2 viral load and titers in a SARS-CoV-MAI5 mouse
model and SARS-CoV-2 Ad5-hACE2-sensitized mouse model.
PF-07304814 exhibited a short terminal elimination t;/, (0.1 h)
and high PPB (81.6%) in the plasma of humans, which were lower
and higher than those of PF-0083523 (2 h and 55.1%), respectively.
PF-00835231 is metabolized by CYP3A4/5. P-gp promotes PF-
0083523 efflux from cells; however, P-gp expression is cell type
specific and extremely low in airway epithelial cells. PF-0083523 is
mainly excreted in feces. Itraconazole increased the plasma
nirmatrelvir concentration by approximately 2-fold by suppressing
PF-00835231 PF-00835231
dyslipidemia and phosphorus disorder.

metabolism. However, causes

Frontiers in Pharmacology

08

10.3389/fphar.2022.1035969

Author contributions
Conception and design: DX and JX. Manuscript writing: WC
and YS. Acquisition and assembly of data: XP and BL. Final

discussions and approval of the manuscript: All authors
contributed to the article and approved the submitted version.

Funding

The authors are grateful for the financial support

provided by the Qingdao Major Scientific and
Technological ~ Project for  Distinguished  Scholars
(20170103), the Laoshan Major  Scientific and
Technological ~ Project for  Distinguished  Scholars
(20181030), and the Natural Science Foundation of

Shandong Province (ZR2020MH369).

Acknowledgments

We thank colleagues in DX’s laboratory for their technical
help and for the stimulating discussions provided during this
investigation.

Conflict of interest

The authors declare that the research was conducted
the
relationships that could be construed as a potential

in absence of any commercial or financial

conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphar.
2022.1035969/full#supplementary-material

frontiersin.org


http://ClinicalTrials.gov
https://www.frontiersin.org/articles/10.3389/fphar.2022.1035969/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.1035969/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1035969

Chen et al.

References

Agost-Beltran, L., Bou-Iserte, L., Rodriguez, S., Fernandez-de-la-Pradilla, A.,
Gonzdlez, F. V., and Gonzalez, F. V. (2022). Advances in the development of
SARS-CoV-2 Mpro inhibitors. Molecules 27 (8), 2523. doi:10.3390/
molecules27082523

Ahmad, B., Batool, M., Ain, Q. U,, Kim, M. S., and Choi, S. (2021). Exploring the
binding mechanism of PF-07321332 SARS-CoV-2 protease inhibitor through
molecular dynamics and binding free energy simulations. Int. J. Mol. Sci. 22
(17), 9124. doi:10.3390/ijms22179124

Anirudhan, V. L. H,, Cheng, H., Cooper, L., and Rong, L. (2021). Targeting SARS-
CoV-2 viral proteases as a therapeutic strategy to treat COVID-19. J. Med. Virol. 93
(5), 2722-2734. doi:10.1002/jmv.26814

Baig, M. H,, Sharma, T., Ahmad, I, Abohashrh, M., Alam, M. M,, et al. (2021). Is
PF-00835231 a pan-SARS-CoV-2 Mpro inhibitor? A comparative study. Molecules
26 (6), 1678. doi:10.3390/molecules26061678

Barazorda-Ccahuana, H. L., Nedyalkova, M., Mas, F., and Madurga, S.
(2021). Unveiling the effect of low pH on the SARS-CoV-2 main protease by
molecular dynamics simulations. Polym. (Basel) 13 (21), 3823. d0i:10.3390/
polym13213823

Boras, B., Jones, R. M., Anson, B. J., Arenson, D., Aschenbrenner, L., Bakowski,
M. A, et al. (2021). Preclinical characterization of an intravenous coronavirus 3CL
protease inhibitor for the potential treatment of COVID19. Nat. Commun. 12 (1),
6055. doi:10.1038/s41467-021-26239-2

Castillo-Garit Ja, C.-C. Y., Pham-The, H., Pérez-Donate, V., Torrens, F.,
Pérez-Giménez, F., and Perez-Gimenez, F. (2022). A review of
computational approaches targeting SARS-CoV-2 main protease to the
discovery of new potential antiviral compounds. Curr. Top. Med. Chem.
22. doi:10.2174/2667387816666220426133555

Charlier, B., Coglianese, A., De Rosa, F., de Grazia, U., Operto, F. F,,
Coppola, G., et al. (2021). The effect of plasma protein binding on the
therapeutic monitoring of antiseizure medications. Pharmaceutics 13 (8),
1208. doi:10.3390/pharmaceutics13081208

Chen, D. F. Y., and Feng, Y. (2022). Recent progress of glutathione (GSH) specific
fluorescent probes: Molecular design, photophysical property, recognition
mechanism and bioimaging. Crit. Rev. Anal. Chem. 52 (3), 649-666. doi:10.
1080/10408347.2020.1819193

Dai, E. Y., Lee, K. A., Nathanson, A. B, Leonelli, A. T., Petros, B. A., Brock-Fisher,
T., et al. (2022). Viral kinetics of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) Omicron infection in mRNA-vaccinated individuals treated and not
treated with nirmatrelvir-ritonavir. medRxiv. 2022, 22278378. d0i:10.1101/2022.08.
04.22278378

de Freitas Santoro, D, d. S. L., Camara, N. O. S., de Freitas, D., and de Oliveira, L.
A. (2021). SARS-COV-2 and ocular surface: From physiology to pathology, a route
to understand transmission and disease. Front. Physiol. 12, 612319. doi:10.3389/
fphys.2021.612319

de Vries, M., Mohamed, A. S., Prescott, R. A., Valero-Jimenez, A. M.,
Desvignes, L., O’Connor, R., et al. (2021). A comparative analysis of SARS-
CoV-2 antivirals characterizes 3CL(pro) inhibitor PF-00835231 as a
potential new treatment for COVID-19. J. Virol. 95, 01819-20. doi:10.
1128/JVI1.01819-20

Fernandes, Q. I. V., Merhi, M., Mestiri, S., Taib, N., Moustafa Abo El-Ella, D.,
Bedhiafi, T., et al. (2022). Emerging COVID-19 variants and their impact on SARS-
CoV-2 diagnosis, therapeutics and vaccines. Ann. Med. 54 (1), 524-540. doi:10.
1080/07853890.2022.2031274

Fulmali A, B. S., and Bharate, S. S. (2022). Phosphate moiety in FDA-approved
pharmaceutical salts and prodrugs. Drug Dev. Res. 83, 1059-1074. doi:10.1002/ddr.
21953

Garcia-Lledo, A., Gomez-Pavon, J., Gonzalez Del Castillo, J., Hernandez-
Sampelayo, T., Martin-Delgado, M. C., Martin Sanchez, F. J., et al. (2021).
Pharmacological ~treatment of COVID-19: An opinion paper. Rev.
Esp. Quimioter. 35, 115-130. doi:10.37201/req/158.2021

GiacomoRossetti, G. M. O., Barriot, S, Tropia, L, Dionellis, V S., Gorgulla, C,
Arthanari, H., et al. (2020). Identification of low micromolar SARS-CoV-2 Mpro
inhibitors from hits identified by in silico screens. bioRxiv. doi:10.1101/2020.12.03.
409441

Hangchen Hu, Q. W, Su, H, Shao, Q, Zhao, W, Chen, G, Li, M,, et al. (2022).
Identification of C270 as a novel site for allosteric modulators of SARS-CoV-
2 papain-like protease. bioRxiv. doi:10.1101/2022.03.30.486313

Hoffman, R. L., Kania, R. S., Brothers, M. A., Davies, J. F., Ferre, R. A.,
Gajiwala, K. S., et al. (2020). Discovery of ketone-based covalent inhibitors of
coronavirus 3CL proteases for the potential therapeutic treatment of

Frontiers in Pharmacology

09

10.3389/fphar.2022.1035969

COVID-19. J. Med. Chem. 63 (21), 12725-12747. doi:10.1021/acs.

jmedchem.0c01063

Hoffman, R L, Kania, R S, Rhys Owen, D, Pettersson, M Y, Forrest
SammonsJamison, M, and Tuttle, B. (2020). Method of treating Covid-19

Hoffman, R L, KaniaJames, R S, NiemanSimon, A, PlankenGeorge, P, and Joseph
Smith, I (2005). Anticoronviral compounds and compositions, their
pharmaceutical uses and materials for their synthesis.

Hulda, R, Jonsdottir, D. S., Julien, T, Padey, B, Bouveret, M, Olivier, T, et al.
(2022). Molnupiravir combined with different repurposed drugs further inhibits
SARS-CoV-2 infection in human nasal epithelium in vitro. bioRxiv. doi:10.1101/
2022.01.10.475377

Johansen-Leete, J., Ullrich, S., Fry, S. E., Frkic, R., Bedding, M. J,
Aggarwal, A., et al. (2022). Antiviral cyclic peptides targeting the main
protease of SARS-CoV-2. Chem. Sci. 13 (13), 3826-3836. do0i:10.1039/
d1sc06750h

Kim, D., Lee, J. Y., Yang, J. S., Kim, J. W., Kim, V. N., and Chang, H. (2020). The
architecture of SARS-CoV-2 transcriptome. Cell 181 (4), 914-921. doi:10.1016/j.
cell.2020.04.011

Kodan A, F. R, Kimura, Y., Kioka, N., Nakatsu, T., Kato, H., Ueda, K., et al.
(2021). ABCBI1/MDRI1/P-gp employs an ATP-dependent twist-and-squeeze
mechanism to export hydrophobic drugs. FEBS Lett. 595 (6), 707-716. doi:10.
1002/1873-3468.14018

LiJ, L. C., Zhou, X., Zhong, F., Zeng, P., McCormick, P.]., Jiang, H., et al.
(2022). Structural basis of main proteases of coronavirus bound to drug
candidate PF-07304814. J. Mol. Biol. 434 (16), 167706. d0i:10.1016/j.jmb.
2022.167706

Liu, C., Boland, S., Scholle, M. D., Bardiot, D., Marchand, A., Chaltin, P., et al.
(2021). Dual inhibition of SARS-CoV-2 and human rhinovirus with protease
inhibitors in clinical development. Antivir. Res. 187, 105020. doi:10.1016/j.
antiviral.2021.105020

Liu, X. W. Y., and Rong, L. (2020). Conditionally reprogrammed human normal
airway epithelial cells at ali: A physiological model for emerging viruses. Virol. Sin.
35 (3), 280-289. doi:10.1007/s12250-020-00244-z

Ltd, P. P. (2021a). Pfizer reports fourth-quarter and full-year 2021 results.
[Online]. Available:[Accessed] https://s28.q4cdn.com/781576035/files/doc_
financials/2021/q4/Q4-2021-PFE-Earnings-Release.pdf.

Ltd, P. P. (2021b). Pfizer reports second-quarter 2021 results. [Online]. Available:
[Accessed] https://s21.q4cdn.com/317678438/files/doc_financials/2021/q2/Q2-
2021-PFE-Earnings-Release.pdf.

Ltd, P. P. (2021c). Pfizer reports third-quarter 2021 results. [Online]. Available:
[Accessed] https://www.pfizer.com/news/press-release/press-release-detail/pfizer-
reports-third-quarter-2021-results.

Ramos-Guzman, C. A., Ruiz-Pernia, J. J., and Tunon, 1. (2021). Inhibition
mechanism of SARS-CoV-2 main protease with ketone-based inhibitors
unveiled by multiscale simulations: Insights for improved designs. Angew.
Chem. Int. Ed. Engl. 60 (49), 25933-25941. doi:10.1002/anie.202110027

Robert Steven, K, Lennert Joseph Mitchell, J., and Nieman, J. A. (2006).
Anticoronaviral compounds and compositions, their pharmaceutical uses and
materials for their synthesis. PCT Pat. Appl.

Sacco, M. D, Hu, Y., Gongora, M. V., Meilleur, F., Kemp, M. T., Zhang, X.,
et al. (2022). The P132H mutation in the main protease of Omicron SARS-
CoV-2 decreases thermal stability without compromising catalysis or small-
molecule drug inhibition. Cell Res. 32, 498-500. doi:10.1038/s41422-022-
00640-y

Sanches Bma, F. E., and Ferreira, E. I. (2019). Is prodrug design an approach to
increase water solubility? Int. J. Pharm. 568, 118498. doi:10.1016/j.ijpharm.2019.
118498

Simsek Yavuz, S, and Komsuoglu Celikyurt, F. I. (2021). An update of anti-viral
treatment of COVID-19. Turk. J. Med. Sci., 51 (1), 3372-3390. doi:10.3906/sag-2106-250

Singh, R, Toussi, S., Hackman, F., Chan, P. L., Rao, R,, Allen, R, et al. (2022).
Innovative randomized Phase 1 study and dosing regimen selection to accelerate

and inform pivotal COVID-19 trial of nirmatrelvir. medRxiv. 1-52. doi:10.1101/
2022.02.08.22270649

Sokully, E. P. M., Gauthier, M. S., and Coulombe, B. (2021). Analysis of the SARS-
CoV-2-host protein interaction network reveals new biology and drug candidates:
Focus on the spike surface glycoprotein and RNA polymerase. Expert Opin. Drug
Discov. 16 (8), 881-895. doi:10.1080/17460441.2021.1909566

Taskar, K. S., Neuhoff, S., Patel, M., Yoshida, K., Paine, M. F., et al. (2022). Clinical
relevance of hepatic and renal P-gp/BCRP inhibition of drugs: An International

frontiersin.org


https://doi.org/10.3390/molecules27082523
https://doi.org/10.3390/molecules27082523
https://doi.org/10.3390/ijms22179124
https://doi.org/10.1002/jmv.26814
https://doi.org/10.3390/molecules26061678
https://doi.org/10.3390/polym13213823
https://doi.org/10.3390/polym13213823
https://doi.org/10.1038/s41467-021-26239-2
https://doi.org/10.2174/2667387816666220426133555
https://doi.org/10.3390/pharmaceutics13081208
https://doi.org/10.1080/10408347.2020.1819193
https://doi.org/10.1080/10408347.2020.1819193
https://doi.org/10.1101/2022.08.04.22278378
https://doi.org/10.1101/2022.08.04.22278378
https://doi.org/10.3389/fphys.2021.612319
https://doi.org/10.3389/fphys.2021.612319
https://doi.org/10.1128/JVI.01819-20
https://doi.org/10.1128/JVI.01819-20
https://doi.org/10.1080/07853890.2022.2031274
https://doi.org/10.1080/07853890.2022.2031274
https://doi.org/10.1002/ddr.21953
https://doi.org/10.1002/ddr.21953
https://doi.org/10.37201/req/158.2021
https://doi.org/10.1101/2020.12.03.409441
https://doi.org/10.1101/2020.12.03.409441
https://doi.org/10.1101/2022.03.30.486313
https://doi.org/10.1021/acs.jmedchem.0c01063
https://doi.org/10.1021/acs.jmedchem.0c01063
https://doi.org/10.1101/2022.01.10.475377
https://doi.org/10.1101/2022.01.10.475377
https://doi.org/10.1039/d1sc06750h
https://doi.org/10.1039/d1sc06750h
https://doi.org/10.1016/j.cell.2020.04.011
https://doi.org/10.1016/j.cell.2020.04.011
https://doi.org/10.1002/1873-3468.14018
https://doi.org/10.1002/1873-3468.14018
https://doi.org/10.1016/j.jmb.2022.167706
https://doi.org/10.1016/j.jmb.2022.167706
https://doi.org/10.1016/j.antiviral.2021.105020
https://doi.org/10.1016/j.antiviral.2021.105020
https://doi.org/10.1007/s12250-020-00244-z
https://s28.q4cdn.com/781576035/files/doc_financials/2021/q4/Q4-2021-PFE-Earnings-Release.pdf
https://s28.q4cdn.com/781576035/files/doc_financials/2021/q4/Q4-2021-PFE-Earnings-Release.pdf
https://s21.q4cdn.com/317678438/files/doc_financials/2021/q2/Q2-2021-PFE-Earnings-Release.pdf
https://s21.q4cdn.com/317678438/files/doc_financials/2021/q2/Q2-2021-PFE-Earnings-Release.pdf
https://www.pfizer.com/news/press-release/press-release-detail/pfizer-reports-third-quarter-2021-results
https://www.pfizer.com/news/press-release/press-release-detail/pfizer-reports-third-quarter-2021-results
https://doi.org/10.1002/anie.202110027
https://doi.org/10.1038/s41422-022-00640-y
https://doi.org/10.1038/s41422-022-00640-y
https://doi.org/10.1016/j.ijpharm.2019.118498
https://doi.org/10.1016/j.ijpharm.2019.118498
https://doi.org/10.3906/sag-2106-250
https://doi.org/10.1101/2022.02.08.22270649
https://doi.org/10.1101/2022.02.08.22270649
https://doi.org/10.1080/17460441.2021.1909566
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1035969

Chen et al.

Transporter Consortium perspective. Clin. Pharmacol. Ther. 112, 573-592. doi:10.
1002/cpt.2670

Tripathi N, T. N., and Goshisht, M. K. (2022). COVID-19: Inflammatory
responses, structure-based drug design and potential therapeutics. Mol. Divers.
26 (1), 629-645. doi:10.1007/s11030-020-10176-1

Vandyck, K., Abdelnabi, R., Gupta, K., Jochmans, D., Jekle, A., Deval, J.,
et al. (2021). ALG-097111, a potent and selective SARS-CoV-2 3-
chymotrypsin-like cysteine protease inhibitor exhibits in vivo efficacy in a
Syrian Hamster model. Biochem. Biophys. Res. Commun. 555, 134-139.
doi:10.1016/j.bbrc.2021.03.096

Frontiers in Pharmacology

10

10.3389/fphar.2022.1035969

Xi He, S. Q., Xu, M, Rodriguez, S, Goh, S L, Wei, ], Fridman, A, et al. (2020).
Generation of a SARS-CoV-2 replicon as a model system to dissect virus replication
and antiviral inhibition. bioRxiv. doi:10.1101/2020.12.12.422532

Yao, H.,, Song, Y., Chen, Y., Wu, N,, Xu, J., Sun, C,, et al. (2020). Molecular
architecture of the SARS-CoV-2 virus. Cell 183 (3), 730-738. doi:10.1016/j.cell.
2020.09.018

Zhang, L. L. D., Sun, X., Curth, U,, Drosten, C., Sauerhering, L., Becker, S., et al.
(2020). Crystal structure of SARS-CoV-2 main protease provides a basis for design
of improved a-ketoamide inhibitors. Science 368 (6489), 409-412. doi:10.1126/
science.abb3405

frontiersin.org


https://doi.org/10.1002/cpt.2670
https://doi.org/10.1002/cpt.2670
https://doi.org/10.1007/s11030-020-10176-1
https://doi.org/10.1016/j.bbrc.2021.03.096
https://doi.org/10.1101/2020.12.12.422532
https://doi.org/10.1016/j.cell.2020.09.018
https://doi.org/10.1016/j.cell.2020.09.018
https://doi.org/10.1126/science.abb3405
https://doi.org/10.1126/science.abb3405
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1035969

	Review of preclinical data of PF-07304814 and its active metabolite derivatives against SARS-CoV-2 infection
	1 Introduction
	2 Mpro: A superior target for anti-SARS-COV-2 drugs
	3 The mechanism of PF-07304814 against SARS-CoV-2 infection
	3.1 The binding sites of PF-00835231 and Mpro
	3.2 PF-07304814 was metabolized into the active compound PF-00835231 by alkaline phosphatase
	3.3 PF-07304814 increased the bioavailability of PF-00835231 by enhancing plasma protein binding
	3.4 The efficacy of PF-00835231 to suppress Mpro activity
	3.5 The mechanisms and efficacy outcomes of PF-00835231 occur simultaneously
	3.6 P-glycoprotein inhibitors increased the efficacy of PF-00835231 by suppressing its efflux from target cells
	3.7 Cytochrome P450 3A inhibitors enhanced the efficacy of PF-00835231 by slowing its metabolic degradation

	4 The efficacy of PF-07304814 against SARS-CoV-2 infection
	4.1 In vitro
	4.1.1 PF-00835231: A broad-spectrum anti-novel coronavirus agent (EC50 and EC90 values)
	4.1.2 The efficacy of PF-00835231 in a human respiratory epithelial organ model
	4.1.3 Synergy and additivity of PF-00835231 and remdesivir

	4.2 Animal model

	5 Pharmacokinetics of PF-07304814
	5.1 Metabolic pathways
	5.2 Metabolic rate

	6 Toxicology of PF-07304814
	6.1 In vitro
	6.2 Animals

	7 Mechanism and antiviral activity of the lead structure and derivatives of PF-00835231
	8 Future directions and challenges
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


