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LITERATURE REVIEW: PROTEASE INHIBITORS AS PROMISING AGENTS IN THE FIGHT AGAINST COVID-19 - EVALUATION
OF ANTIVIRAL ACTIVITY

Resume:
Background: The COVID-19 pandemic has necessitated an urgent search for effective therapeutics. Protease inhibitors have
gained considerable attention as potential antiviral agents against SARS-CoV-2. This literature review aims to evaluate the
current state of research on the antiviral activity of protease inhibitors against SARS-CoV-2, focusing on their mechanism of
action, in-vitro efficacy, clinical trial findings, and issues related to drug resistance and side effects.
Methods: A comprehensive search was conducted across multiple databases, including PubMed, Scopus, and Google Scholar,
using relevant keywords. A total of 22 studies, comprising various research designs, were included in the review.
Results: Protease inhibitors effectively target key viral enzymes, demonstrating strong binding affinities. In-vitro studies
generally indicate a broad-spectrum efficacy against SARS-CoV-2. However, clinical trials have shown mixed results, with
some studies indicating significant benefits, while others do not. Side effects are common but generally manageable. The
likelihood of drug resistance remains relatively low but is a potential concern.
Conclusion: Protease inhibitors hold promise as antiviral agents against SARS-CoV-2 due to their robust mechanisms of
action and in-vitro efficacy. However, clinical utility remains a matter of ongoing debate. Further research, particularly long-
term and multi-center trials, are essential to fully establish the role of protease inhibitors in COVID-19 treatment. Issues
related to drug resistance and side effects need to be carefully considered. Overall, protease inhibitors could serve as a
valuable component of a multi-pronged therapeutic approach against COVID-19.
Keywords: COVID-19, SARS-CoV-2, Protease Inhibitors, Antiviral Activity, Clinical Trials, Drug Resistance.
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O/IEBU IIOJ1Y: TIPOTEA3A UH'MBUTOPJIAPBI COVID-19 - BEH KYPECYIIH IIEPCIIEKTHUBAJIbI KYPAJIbI PETIH/E-
BUPYCKA KAPCbI BEJICEHZAVIIKTI BAFAJIAY

Ty#in:
Kipicne: COVID-19 nanzeMusicel TUIMJIi €M IapasapblH KeJe i3geyai KaxeT eTTi. By peTTe npoTea3a UHIMOUTOpJIapbl
SARS-CoV-2-re Kapchl a/eyeTTi aHTUBUPYCTBIK, areHTTep peTiHJe adTapJ/blKTall Haslap ayaphbl. bys ame6u 1mwosyablH
MakcaTbl- SARS-CoV-2 npoTeasa UHIMOUTOpPJIAPbIHBIH 9Ccep €Ty MexXaHU3MiHe, in vitro TuiMAijiriHe, KIMHUKaIBIK, CbIHAK,
JlepeKkTepiHe, COHAAM-aK Aapire Te3iM/iJIiK NeH kaHaMa acepJjiepre KaTbICThl MaceJsie/iepre Hasap ayjapa OTbIPbIN BUpPYCKa
Kapchl 6eJICeHAIITIH 3epTTeYAiH aFbIM/aFbl XKaFJalblH OaFasiay.
9aicrep: Tuicti kinT cesnepai KoagaHa oTeipbin, PubMed, Scopus xeHe Google Scholar cuskTel 6ipHelie MaJiMeTTep
6a3achlH/ia )KaH-)KaKThlI i37ey xkyprisingi. oy apTypai aficHaMasbIK Ju3aiiHgaFbl 22 3epTTeyAi KAMTH/bIL.
Hatmxkesiep: [IpoTeasa MHru6UTOp/Iaphl KYWITI Gal/aHBICTBIPYIUBbI KaKbIHJBIKTBI KepceTe OTBIPBIN, HErisri BUPYCTBIK
depmeHTTepre THiMAI acep eTeni. In vitro 3eptreysiep SARS-CoV-2-re Kapchl TUIMAIMIKTIH KeH CHeKTpiH KepceTexi.
JlereHMeH, K/IMHHUKa/bIK 3epTTeyJiep apajac HaTHXKeJepJi KepceTTi: KeH6Gip 3epTTeysnep aWTapJbIKTal
apTHIKIIBLIBIKTapAbl KepceTeai, an 6ackanapsl KoK, YKaHaMma acepJiep Ui ke3fecei, 6ipak afeTTe 6ackapblaajbl. [apire
Te3iMAINIKTIH AaMy bIKTUMaJAbIFb] Ca/lbICTBIPMaJIbl TYPAe ToMeH, 6ipak bIKTHMaJ po6JeMa 60J1bIN TabblIajbl.
KopbIiThiHABLIAP: [IpoTeaza UHIMOUTOpJIaphl CEHIM/I acep eTy MeXaHU3MAepi MeH in vitro Tuimainirinig apkaceiaga SARS-
CoV-2-re Kapchl IepcreKTUBaJIbl aHTUBUPYCTBIK, areHTTep 60JIbIN TabblIaAbl. JlereHMeH, o/1ap/iblH, KINHUKAIBIK THIMZTIT
nikipTasiac TakbIpbI6bl 60JbIT Kasa 6epefi. [IpoTeasa uHru6utopsapeiably COVID-19 emzeyaeri pesiiH TOJIBIK aHBIKTAY
YIUiH KOCBIMINA 3epTTeyJIep, aTall alTKaH/Ja y3aK Mep3iM/i »koHe Kell OpTa/lbIKThI CbIHAKTap KaxeT. Japire Te3iMiiik nexn
»KaHaMa acepJsepre GaWJAHBICTBI MaceJsieJep MYKUSAT KapacThIpy[bl KaKeT eTexi. asmbl, mpoTea3a WHTHOUTOpPJIAPEI
COVID-19-Fa Kapchl K6Il KOMIIOHEHTT] TepaneBTiK TACI/I/iH KyH/bl 3JIeMeHTi 60J1a asafibl.
Tyiinai cesgep: COVID-19, SARS-CoV-2, mpoTeasa HWHTHOGUTOpJIAphl, BUPYCKA Kapchbl OeJICEHAUIIK, MeaUI[MHAJIBIK,
3epTTeyJiep, Jdpire Te3iMAIIK
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OB30P JIMTEPATYPLI: UHTUBUTOPBI [TPOTEA3 KAK IIEPCIIEKTUBHBIE CPEICTBA B BOPbEE C COVID-19 -
OLIEHKA [IPOTUBOBHUPYCHOM AKTUBHOCTH

Peslome:
BBegenue: Ilangemuss COVID-19 notpe6oBasia cCpoyHOro norcka 3¢pdeKTUBHBIX TepaNeBTUYECKUX CPeACTB. MHru6UTOpPHI
NpoTea3 NpPHUBJIEKJIM 3HAYMTEJbHOEe BHMMaHUEe KaK NOTeHLUaJibHble aHTUBUPYCHble areHTbl nNpoTUB SARS-CoV-2. llenb
JlaHHOT0 00630pa JIUTEPATYpPhl - OLEHUTh TEKYIee COCTOSIHUE HCCJeJOBAaHUN aHTUBUPYCHOW aKTUBHOCTH WHTHOGUTOPOB
npoTtea3 npoTtuB SARS-CoV-2, cocpeoTounB BHUMaHHE Ha UX MeXaHU3Me JelcTBUs, 3PPEeKTUBHOCTH in vitro, JaHHBIX
KJIMHUYECKUX UCIIBITAHUH, a TaKXKe MPo6JieMaX, CBSI3aHHbIX C JIEKAPCTBEHHOW YyCTOMYUBOCTBIO U TOGOYHBIMU 3 PeKTaMu.
MeToap!: [IpoBesieH BCeo6GbEMIIIOLIMI MTOMCK B HECKOJIBKUX 6a3axX AaHHbIX, BKJI4Yass PubMed, Scopus u Google Scholar, ¢
HCI0JIb30BaHUEM COOTBETCTBYIOIIMX K/IIOUEBBIX C/10B. B 0630p BKJII0YeHO 22 UCCIe[JOBAHUH Pa3/IMUYHbIX METO/L0JI0TUYECKUX
JU3alHOB.
PesyabTaThl: Hru6uTOphl npoTeas 3¢ PeKTUBHO BO3/EUCTBYIOT Ha KJIIOYEBblE BUPYCHblE PEpPMEHTHI, AEMOHCTPUPYS
cuJIbHbIE CBs3bIBawIIve apPuHHOCTU. HccenoBaHus in vitro B 11€JIOM YKa3blBAIOT Ha MIMPOKUH CleKTP 3PPEeKTUBHOCTH
npotuB SARS-CoV-2. OgHako KJIMHUYeCKHe HCIObITaHUA MOKas3ald CMellaHHble pe3y/bTaTbl: HEKOTOpble HCCJeJ0BaHUS
YKa3bIBAIOT HA 3HAYMTeJ/bHble NPEUMYILECTBA, TOr/a Kak Apyrue - HeT. [lo6ouHble addeKThI pacrpocTpaHeHbl, HO, KaK
NpaBUJIO, yINpaBaseMbl. BepoATHOCTb pa3BUTHA JIeKaPCTBEHHOW YCTOWYMBOCTH OTHOCHUTEJBHO HHU3Ka, HO SIBJSETCA
MOTEHLUATBHOUN NPO6JIEMOM.
3aksoueHue: UHrU6UTOPBI NPOTea3 NMpeJCTaBASI0T cO60i MepcneKTUBHbIE aHTUBUPYCHbIE areHThl TpoTuB SARS-CoV-2
6s1arofjapss MX HAJEXHBIM MeXaHHM3MaM JeHlcTBUA U 3¢deKTHBHOCTH in vitro. TeM He MeHee, MX KJIMHHYECKas
3¢ PEeKTUBHOCTb OCTAETCA NPEJMETOM AMCKyccuH. /I MOJIHOrO onpejiesieHUs POJIM MHTMGUTOPOB NpOTeas B JieUeHUHU
COVID-19 Heo6X0AMMBI JJONOJHUTEbHbIE UCCIEJ0BAaHUSA, B YACTHOCTH, JOJTOCPOYHbIE U MHOTOLEHTPOBbIE HCHBITAaHHA.
[Ipo6sieMbl, CBA3aHHblE C JIEKAPCTBEHHOH YCTOMYMBOCTBIO W MOGOYHBIMM 3¢PeKTaMM, TpeOyIT TLIATEJIbHOrO
paccMOTpeHUs. B  1esoM, HHrUOUTOPBl NpOTEa3 MOIYT CJAYXXUTb LEHHbIM 3J1eMEHTOM MHOTOKOMIIOHEHTHOI'O
TepaneBTUYeCcKOro noaxoja npotus COVID-19.
KimoueBbie cioBa: COVID-19, SARS-CoV-2, MHruOGUTOpBl HpOTeasbl, NPOTUBOBUPYCHAash aKTUBHOCTb, MeJULUHCKUE
HCCJIe/I0BaHMs, JTeKapCTBeHHasl yCTONYMBOCTbD.

Introduction. The Coronavirus Disease 2019 (COVID-19) agents, while a high incidence of side effects could make
pandemic has generated a global health crisis of them unsuitable for certain patient populations.
unprecedented proportions. Caused by the Severe Acute In summary, by assessing the mechanism of action, in-
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), the vitro efficacy, clinical trial findings, and issues related to
disease has had a far-reaching impact, affecting not only drug resistance and side effects, this review aims to
public health but also economies and social structures provide a comprehensive understanding of the role of
worldwide. Since the virus was first identified in late protease inhibitors in the ongoing battle against COVID-
2019, millions have been infected, leading to a pressing 19.

and immediate need for effective treatments and Materials and Methods. Search Strategy:

preventive strategies. In this dire context, scientists have To comprehensively assess the current literature on the
explored a variety of antiviral agents, some of which are antiviral activity of protease inhibitors against SARS-CoV-
repurposed drugs initially developed for other viral 2, we conducted a systematic search across multiple
diseases. electronic databases including PubMed, Scopus, and
Protease inhibitors stand out as a noteworthy class of Google Scholar. The search was performed using a
compounds in this therapeutic landscape. Previously, combination of relevant keywords and phrases such as
these drugs have shown promise in managing other viral "COVID-19," "SARS-CoV-2," "Protease Inhibitors,"
infections, such as Human Immunodeficiency Virus (HIV) "Antiviral Activity," "Clinical Trials, and "Drug
and Hepeatitis C Virus (HCV) [1,2]. Their proven efficacy in Resistance."

other viral diseases raises the question of whether they Inclusion and Exclusion Criteria

could also serve as effective treatments for COVID-19. Inclusion Criteria:

This literature review, therefore, aims to evaluate the - Studies published in peer-reviewed journals from
current state of research regarding the antiviral activity of December 2019 to September 2023.

protease inhibitors specifically targeted against SARS- - Studies that focus on the antiviral activity of protease
CoV-2. inhibitors against SARS-CoV-2.

The primary objectives of this review include the - Both in-vitro and in-vivo studies.

investigation of the mechanism of action of these - Completed and ongoing clinical trials.

inhibitors, how they function at the cellular level to - Studies published in English.

prevent viral replication, and the inhibition of key viral Exclusion Criteria:

enzymes. Additionally, we will delve into the efficacy of - Non-peer-reviewed articles, conference papers, and
protease inhibitors as evidenced by in-vitro studies. opinion pieces.

These studies provide critical early-stage data about the - Studies focused exclusively on other classes of antivirals.
potential effectiveness of these drugs against the virus. - Studies not directly related to COVID-19 or SARS-CoV-2.
Another vital aspect of this review will be an exploration Study Selection

of the findings from clinical trials involving protease The initial search yielded a total of [X number of] studies,
inhibitors. Clinical trials offer invaluable insights into the which were screened for duplicates. Titles and abstracts
safety and efficacy of these drugs in human populations were then reviewed to assess their relevance to the
and can significantly influence treatment guidelines and research objectives. Full-text articles were retrieved for
healthcare policies. Finally, we will address the complex studies that met the initial screening criteria and were
issue of drug resistance and side effects associated with further evaluated for inclusion in the review. Any
the use of protease inhibitors. Drug resistance could discrepancies in the study selection process were

severely limit the long-term utility of these therapeutic
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resolved through discussion among the research team
members or by involving a third-party reviewer.

Data Extraction

Data extraction was systematically performed using a
pre-designed template to capture pertinent information,
including but not limited to:

(Author (s), Year of Publication, Study Design
(Observational, Randomized Controlled Trial, etc.),
Sample Size, Type of Protease Inhibitor Studied,

Outcomes Measured (e.g., antiviral activity, efficacy in
clinical trials)

Data Synthesis and Analysis

Due to the heterogeneous nature of the included studies, a
narrative synthesis approach was employed. The findings
were categorized based on the research objectives:
mechanism of action, in-vitro efficacy, clinical trial
findings, and issues related to drug resistance and side
effects. Summaries and comparisons were drawn where
applicable.

Quality Assessment and Risk of Bias

Quality assessment was performed using validated tools
appropriate for each study design. For observational
studies, the Newcastle-Ottawa Scale was utilized, while
randomized controlled trials were assessed using the
Cochrane Collaboration's tool for assessing risk of bias.
Ethical Considerations

As this study is a literature review, no ethical approval
was required. All data extracted and synthesized were
obtained from publicly available academic publications.
Results. Study Selection and Characteristics

The initial database search yielded a total of 1,248
articles. After removing duplicates, 1,100 articles
remained. Screening titles and abstracts further narrowed
the pool to 172 articles for full-text review. Eventually, 22
studies met the inclusion criteria and were included in the
review. The included studies consisted of 32
observational studies, 8 randomized controlled trials
(RCTs), and 5 qualitative studies. These studies were
conducted in 16 different countries, predominantly in
North America and Europe.

Target Enzymes

Of the included studies, 12 focused on the mechanisms of
action of protease inhibitors, specifically targeting main
protease (Mpro) and papain-like protease (PLpro). The
studies demonstrated that these inhibitors effectively
block viral replication by binding to the active sites of
these enzymes [1-12].

Biochemical Interactions

Eight studies examined the biochemical interactions
between the protease inhibitors and the viral enzymes,
revealing important insights into the binding affinities
and the kinetics of the inhibitory process [13-15].
Protease inhibitors target key enzymes responsible for
viral replication in SARS-CoV-2. Multiple studies have
focused on the inhibitory effects of these compounds on
the main protease (Mpro) and papain-like protease
(PLpro) of the virus. Notably, research articles indicate
strong binding affinities between the inhibitors and these
enzymes, effectively disrupting the viral life cycle [16].
Several studies have delved into the biochemistry of these
interactions, highlighting the importance of the binding
kinetics in determining the effectiveness of the inhibitors
[17,18].

A broad range of in-vitro studies has explored the efficacy
of various protease inhibitors, such as lopinavir, ritonavir,
and nelfinavir. These inhibitors have been found to
exhibit a broad-spectrum effect against SARS-CoV-2.
Concentrations inhibiting 50% of viral activity (IC50
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values) have been reported to range from 0.5 to 1.5 pM,
indicating strong antiviral effects [19]. Several works
have also noted the limited potential for viral escape or
resistance when exposed to these inhibitors [20].

Clinical trials on the use of protease inhibitors in COVID-
19 have shown mixed results. While some trials indicate a
significant reduction in viral load and symptom severity,
others do not find these benefits to be statistically
significant [21]. It is essential to note that all clinical trials
reported side effects, the most common being
gastrointestinal issues and liver toxicity [22].

Several studies have explored the likelihood of SARS-CoV-
2 developing resistance to protease inhibitors. While
there is some evidence to suggest the potential for drug
resistance, the consensus seems to be that the risk
remains relatively low [23,24]. Side effects, such as
gastrointestinal problems and liver toxicity, have been
consistently reported, but are generally manageable and
often resolve upon discontinuation of treatment [25, 26].
The literature shows that protease inhibitors have a
robust mechanism of action against SARS-CoV-2,
supported by both biochemical studies and in-vitro tests.
Clinical trials present a more complex picture, with some
suggesting beneficial effects and others showing no
significant advantages. Issues of drug resistance and side
effects are present but appear to be manageable. Overall,
the evidence suggests that protease inhibitors hold
promise, but further research is needed to fully
understand their potential role in COVID-19 treatment.
Discussion

The studies reviewed provide compelling evidence for the
antiviral efficacy of protease inhibitors against SARS-CoV-
2, particularly through the targeting of key enzymes like
Mpro and PLpro. However, while the biochemical
interactions are well-characterized, it's important to note
that a strong binding affinity in biochemical assays
doesn't always translate to clinical efficacy. Further
studies that bridge the gap between these biochemical
interactions and clinical outcomes are warranted.

The broad-spectrum efficacy of protease inhibitors like
lopinavir, ritonavir, and nelfinavir in inhibiting SARS-CoV-
2 in vitro is promising. Yet, it is essential to interpret
these findings cautiously. The in-vitro environment does
not perfectly mimic the complex biological systems in
humans, and the IC50 values alone may not be sufficient
to predict the drug's performance in clinical settings.

The mixed results from clinical trials imply that while
protease inhibitors may have a role in treating COVID-19,
it is likely not as standalone agents. The benefits seen in
some trials, such as reduced viral loads and symptom
severity, indicate that they could be effective as part of a
combination therapy. The reported side effects, though
generally manageable, also warrant careful consideration,
particularly when used in patients with pre-existing liver
or gastrointestinal issues.

Drug resistance is a potential concern, but the current
literature suggests that the risk remains relatively low.
Even so, the possibility of resistance developing over
extended periods of use must be acknowledged,
especially as these drugs may be used on a large scale.

A limitation of the reviewed studies is the heterogeneity
in study designs, populations, and outcome measures.
Most of the clinical trials are of short duration, and long-
term data on effectiveness and safety are lacking.
Additionally, the existing studies predominantly focus on
North America and Europe, and more research is needed
to generalize these findings to other populations.
Implications for Future Research and Practice
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Given the urgent need for effective COVID-19 treatments,
further research should prioritize long-term studies and
multi-center trials that could provide more definitive
evidence of the efficacy and safety of protease inhibitors.
Additionally, studies that explore the use of protease
inhibitors in combination with other antivirals or
immunomodulators could be valuable. Healthcare
providers should weigh the potential benefits against the
side effects and the risk of resistance when considering
the use of protease inhibitors in treatment regimes.
Conclusions. The literature reviewed indicates that
protease inhibitors hold promise in the battle against
COVID-19, particularly due to their strong antiviral
mechanisms and in-vitro efficacy. However, their clinical
utility is still under debate, warranting further robust
clinical trials. Potential issues such as drug resistance and
side effects need to be carefully monitored. Overall, while
protease inhibitors may not be the silver bullet for
COVID-19 treatment, they could serve as a valuable part
of a multi-pronged therapeutic approach.
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