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NOTATIONS AND ABBREVIATIONS

ACE2 - Angiotensin Converting Enzyme 2 (human)

BAL - Bronchoalveolar Lavage

BP-Base Pairs

CC- Cytopathic Capacity

COVID-19 — Coronavirus Disease (December 2019, Wuhan, China)
CPE — Cytopathic Effect

CE — Cytopathic Effect Inhibition

cDNA — Complementary Deoxyribonucleic Acid

HIV- Human immunodeficiency virus

IC — Inhibition Concentration

VRNA - viral ribonucleic acid

NSP /SP - Non-Structural Proteins/Structural Proteins

MERS — Middle East Respiratory Syndrome (coronavirus)

MOI - Multiplicity Of Infection
MTT-(4,5-Dimethylthiazol-2-Y1)-2,5-Diphenyltetrazolium Bromide
ORF — Open Reading Frame

RBD-Receptor Binding Domain

RdARP- RNA-dependent RNA-Polymerase

RT- Reverse Transcriptase

PCR-Polymerase Chain Reaction

PFU - Plaque-Forming Unit

PP- Primers Pairs

SARS-CoV-2- Severe Acute Respiratory Syndrome-Corona Virus 2
TAF — Tenofovir Alafenamide

TCIDso (Tissue Culture Infectious Dose 50%)

TDF — Tenofovir Disoproxil

Vero — the subline of green monkey kidney tissue

WT — Wildtype



INTRODUCTION

General description of the research: The dissertation focuses on the biological
and molecular genetic properties of current SARS-CoV-2 strains isolated within the
territory of the Republic of Kazakhstan. It utilises RT-qPCR, cell viability, viral titer
production, and COVID-19 express test techniques, along with appropriate primers, to
detect the NSP12 gene product. An in vitro study of the antiviral activity of drugs
against SARS-CoV-2 was conducted using Vero E6 cells derived from green monkey
kidney tissue.

Relevance of the research thesis
The COVID-19 pandemic in 2020 highlighted the extreme vulnerability of healthcare
systems worldwide. First and foremost, the speed and intensity of the viral infection's
spread were a profound concern, given the high viral loads that most of the population
could not withstand. Secondly, hospitalisation issues, insufficient beds and drug
capacities were inadequate for effective containment. Thirdly, the severe cases of
immune response caused significant health damage, predominantly to the lungs, and
due to this feature, it was called severe acute respiratory syndrome.

The research aims to investigate the antiviral activity and safe cytotoxic drug
concentrations of modern drugs against SARS-CoV-2 in vitro by conducting molecular
analysis of circulating strains isolated during the pandemic.

The main tasks of the research to accomplish the purpose are as follows:

1. Isolate eight strains gained from human BALF (Bronchoalveolar Lavage

Fluid) from COVID-19 positive patients and measure their viral load.

2. To identify the NSP12’s “genetic conservatism” (primer pairs: 11-16) of the
Alpha variant, which was isolated in Kazakhstan, by comparing it with the
original Wuhan strain in the ORF1b region;

To find the cytotoxicity-safe concentration of four antiviral drugs;

4. To identify the most effective and potent antiviral drug among three
candidates: Ribavirin, Favipiravir (Fabiflu), and Tenofovir (Tenvir), as well
as a corticosteroid with a safe concentration that minimises cell toxicity while
maintaining high cell viability.

5. To determine the inhibition coefficient IC;y —1Cso — IC;oo - Range antiviral
drug-Tenofovir (TAF) with acceptable SI (selectivity index); - IC10: 5—
ug/mL — IC50: 25 pg/mL — IC100: 50 ug/mL: Viral replication reduced
from 107 (log7) to 10° (log5) corresponding inhibition = (107 - 10°)/107 =
0.99 — 99% inhibition

6. To engage the antiviral innate immunity response by injecting recombinant
mouse IL-33 into WT mice, confirming the activation of CD90 and CD117
lymphoid cells in the murine lungs.

Research methods: the study employed biomolecular, genetic, cellular-based,
biotechnological, microbiological, and pharmaceutical processes. No Artificial
Intelligence (AI) was used in the research methods, neither in text nor in data
processing.
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The scientific novelty of the research: A three-stage dissertation study
examining the effectiveness of the antiviral activity of the tableted drug against
Kazakhstan’s SARS-CoV-2/human/KAZ/B1.1/2021, the Alpha variant strain isolated
and characterised, and an MTT assay on the Wuhan strain using original Tenvir (TAF)
stock from China. Antiviral drug cytotoxicity and cell viability assays — Determining
the optimal antiviral drug concentration (CCsg) using two colourimetric methods,
CCK8 and MTT, in vitro in Kazakhstan. Three tablet formulations of drugs
demonstrated additional inhibitory activity: Tenofovir (TDF and TAF), with IC,y =
0.174 uM, ICsp = 1.74 uM, and IC,p0 = 174 uM at a concentration of 50 pg/ml.
Ribavirin: IC;o=2 uM, IC50 = 7 uM, and 1Cgp90= 205 uM of 50 ug/ml., Favipiravir:
with ICyp = 1.65 uM, I1C37=318uM, of 50 pg/ml. Dexamethasone showed no inhibitory
properties at any concentration or volume. Comparison of the efficacy and cytotoxicity
(CC50/1C50) of three tableted antiviral drugs, identifying an antiviral drug with a
positive selectivity index (SI value), and analysis of the CCK8 assay test. Antiviral
activity of three tableted prodrugs (active agents): Ribavirin, Tenofovir, and
Favipiravir on Vero E6 cells line that is both susceptible and permissive for SARS-
CoV2 virus — RdRP-inhibition, causing the lethal mutagenesis for viral replication with
a significantly higher viral load MOI:2 or TIDso=10, whereas MOI of 0.011s enough to
cause cytopathic effect within 24 hours (200 times increase virus load decrease
potential). The molecular and genetic characterisation of the RARP (RNA dependent
RNA polymerase) gene (NSP12- none structural proteins) and its ‘genetical
conservatism’ of SARS-CoV-2/human/KAZ/B1.1/2021, Alpha variant strain in
comparison with the original Wuhan strain; The assumption of antiviral activity was
confirmed using Tenvir TAF (pure Aldrich stock concentration) with 10ug/ml solution
from original concentration 25mg/ml). All three antiviral drugs target the RARP
activity, making viral replication more challenging.

Subject of study.

They are investigating the antiviral activity of medicines against SARS-CoV-2,
focusing on its genetic and molecular characteristics and evaluating their efficacy. In
addition to identifying the cytotoxic concentrations of the three antivirals —Tenofovir,
Fabiflu, and Ribavirin —and the steroid drug Dexamethasone, the concentrations of
these compounds were also determined.

The theoretical and practical significance of the work is clearly

demonstrated by the in vitro effectiveness of three disputed antivirals and one

hormonal (steroid) drug. To understand which drug demonstrates a sensible, i.e.,

pre-clinical, effect on wild-type mice in China and to establish a safe dosage for

viral load, the author aims to enhance strategies for combating SARS-CoV-2
viral infection. During the pandemic, Kazakhstan faced numerous different cases
of COVID-19 progression and complications among infected patients with
devastating post-coronavirus effects and even lethal outcomes due to a poor
understanding of the biological nature of the SARS-CoV-2 virus. The primary
objective of this dissertation work is to provide a deeper understanding not only
of COVID-19 treatment but also of similar viral infection cases in the future. To
evaluate the in vitro effectiveness of three antiviral agents and one hormonal
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(steroid) drug. To understand which of these drugs demonstrate not only
practical, i.e., clinical, effects but also to establish the safe dosage in treatment
strategies for COVID-19. The value of this work lies in several additional
aspects: 1. Tenvir, available in its two isoforms — TDF and TAF, has two origins:
one is tabletted (TDF), and the second is a laboratory standard stock (TAF). Both
forms showed similar effectiveness; furthermore, the last in vitro test of Tenvir
efficacy was conducted in the 2000s. The antiviral effects were demonstrated on
the Vero E6 cell model. Furthermore, the cytotoxic profiles of all four drugs
were evaluated and confirmed. The non-structural protein sites on the viral
genome were identified and quantified, and their biological ‘conservative’ nature
was verified in the SARS-CoV-2/human/KAZ/B1.1/2021 Alpha variant strain.
The main provisions for the defence:

1. The SARS-CoV-2/human/KAZ/B1.1/2021, Alpha variant strain — is an
object of antiviral study that was gained through 8 selected isolates, aiming at
the entire - ORFlab, where ORFla NSP1-11(Protease section) and ORF1b
NSP12-16 (viral RNA replication site) with the strain-specific mutation that is
responsible for the replication of viral genome RNA as well as for sub-genomic
RNA that regulate the final assembly of virions.

2. The potent inhibition of the RARP (RNA-dependent RNA Polymerase is
detectable through an MOI count of 2 or lower (two viral particles for each host
cell) in a 12 wells-sampling by Tenofovir (tableted TDF (stock concentration
started from 300mg of prodrug concentration) against The SARS-CoV-
2/human/KAZ/B1.1/2021, Alpha variant) and TAF (lab stock) against original
Wuhan strain) The tablet safe concentrations of Tenofovir, Favipiravir,
Ribavirin, and Dexamethasone must support cell viability with a noncytotoxic
viral load value of—MOI 2 (one host cell for two intact viral particle or plaque
forming unit (PFU/ml)) with 200ul of virus volume) per 10.000 - 20.000 culture
cells.

3. The cell viability counting techniques CCK8 and MTT demonstrate true
cytotoxicity and antiviral assays on reliable Vero E6 cells with a high
proliferation growth profile for four selected drugs: Tenofovir, Favipiravir,
Ribavirin, and Dexamethasone.

4. WT-mice injected with recombinant mouse alarmin cytokine - L33
showed the antiviral innate immune response, activating lymphoid cells: CD90
and CD117 in the lungs
The relevance of the plan based on scientific works
This work was carried out as a PhD Thesis, ‘Studying the antiviral activity of

drugs against the SARS-CoV-2 virus in vitro ’of Khaidarov Saken under the
professional supervision of Burashev Yerbol, who managed my research within the
framework of the grant funding project on the topic: AP09058338 “Study of anti-viral
activity of drugs against SARS-CoV-2 virus in vitro and conducting molecular-
epidemiological analysis of circulating Covid-19 strains* under targeted funding for
2021-2023 with the support of the Science Committee of the Ministry of Science and
Higher Education of the Republic of Kazakhstan. Special gratitude is extended to the
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Department of Pathobiology and Veterinary Science and the Centre of Excellence for
Vaccine Research at the University of Connecticut (UCONN), Storrs, Connecticut,
USA, which collaborated closely with the Research Institute for Biological Safety
Problems (RIBSP), Gvardeyskiy, Kazakhstan. Additionally, thanks to the Health
Science Centre (School of Medicine) of Shenzhen University, located in Nanshan
District, Shenzhen, during the 2024 3-month PhD mobile program internship,
experiments on TAF and mice were conducted, and the PhD study direction was
continued.

The author's contribution to the results described in the dissertation.

The author independently analysed literature on the research problem, set
research goals and objectives, conducted experimental research, analysed the results,
performed statistical analysis, and wrote the dissertation.

Research approval: The research results and the main principles of the
dissertation were presented and discussed at the following international scientific
conferences and symposia: «Modern Scientific Technology» (February 9-10, 2023),
Stockholm, Sweden; and the 3rd International Conference on Virology and Infectious
Diseases, including COVID-19, held on October 24-25, 2022, in Dubai, UAE.
Proceedings of the Ist International Scientific Conference, 26-27 January 2023,
Warsaw, Poland, II International Forum "Asfen Forum, new generation-2024" on June
6-7, 2024, in Almaty, Kazakhstan

Publications: The main result of the dissertation consists of 12 published works,
including 2 articles in peer-reviewed international scientific journals indexed in the
Web of Science or Scopus databases, 5 articles listed in the Committee for Control in
the Sphere of Education and Science of the Republic of Kazakhstan, and 5 theses
published at international conferences.

Dissertation structure: The dissertation comprises 140 pages of computer-
generated text, symbols, and abbreviations, as well as an introduction, a literature
review, research materials and methods, research results and their discussion, a
conclusion, and a list of used literature, totalling 131 entries. The work includes 9
tables, 9 mathematical formulas, 48 figures, 5 appendices, and 1 monograph.

Artificial intelligence (AI) usage: In this dissertation, the author did not use
any Al, either for text generation, statistics, or other data processing. All data and
entries were made by the author himself, singlehandedly and responsibly.



1 LITERATURE REVIEW

1.1 The biology of coronaviruses

Coronaviruses (CoVs) are a large family of RNA viruses that have caused
notable outbreaks in humans over the past five decades. While most coronaviruses lead
to mild respiratory illnesses, three novel strains emerging since 2002 have resulted in
severe diseases and global health crises. In the pre-2000s era, human coronaviruses
such as HCoV-229E and HCoV-0OC43, identified in the 1960s—1970s, and later HCoV -
NL63 and HCoV-HKUI in the 1980s—1990s, were primarily linked to common cold
symptoms, accounting for roughly 15-30% of annual cases but posing no significant
public health concern. This perception changed with the 2002-2003 SARS-CoV-1
outbreak, which originated in Guangdong, China, likely from bats via civet cats,
leading to 8,098 confirmed cases and 774 deaths (a 9.6% fatality rate) across 26
countries. The epidemic was contained through aggressive public health interventions,
marking the first modern warning of the pandemic potential of zoonotic coronaviruses
and stimulating research into coronavirus biology and preparedness. A decade later,
MERS-CoV emerged in 2012 in Saudi Arabia, transmitted from dromedary camels
with bats as the reservoir. Despite a high fatality rate of 34.4% (936 deaths among
2,605 cases as of 2023), MERS remained primarily regional due to limited human-to-
human transmission, illustrating how varying transmissibility and virulence shape the
global impact of emerging coronaviruses [1-2].

SARS-CoV-1 reinforced the global need to monitor zoonotic viruses in animal
reservoirs, a lesson that became critical with the emergence of SARS-CoV-2 in late
2019. Likely originating in bats and possibly transmitted through an intermediate host
such as pangolins, SARS-CoV-2 emerged in Wuhan, China, and rapidly spread
worldwide. By 2023, the virus had caused over 700 million confirmed cases and
approximately 7 million deaths globally. The disease ranged from mild respiratory
illness to severe, multisystem complications—including the persistent condition
known as Long COVID—placing immense strain on healthcare systems [1]. Beyond
health effects, the pandemic triggered profound socioeconomic disruptions:
lockdowns, travel restrictions, and global recessions reshaped modern societies and
economies. Continuous viral evolution, driven by rapid antigenic drift, produced
variants of concern such as Alpha, Delta, and Omicron, capable of evading prior
immunity and necessitating updated vaccines. In response, the scientific community
achieved unprecedented advances, most notably in mRNA vaccine technology and
genomic surveillance, marking a transformative moment in global health preparedness.

All major coronavirus outbreaks—SARS, MERS, and COVID-19—originated
in animals, highlighting the persistent risk of zoonotic spillover. These events
underscore how disruptions at the human—animal interface, including wildlife trade,
habitat encroachment, and intensive farming practices, can facilitate the emergence of
novel pathogens with pandemic potential [1]. Pandemic preparedness: SARS-
CoV-1 and MERS-CoV exposed gaps in global health infrastructure, but SARS-CoV-
2 revealed systemic vulnerabilities, such as vaccine inequity and misinformation.
Long-term health effects: post-viral syndromes, such as those associated with COVID-

10



19, have become a significant focus of research and healthcare. Technological
Advances: mRNA vaccines, antiviral therapies (e.g., Paxlovid), and Al-driven
surveillance emerged as critical tools [3]. Essential: surveillance: strengthen early
detection of zoonotic viruses in wildlife and livestock. Equity: Ensure fair access to
vaccines and treatments globally. Adaptability: prepare for viral evolution (antigenic
drift) and future spillover events.

Over the past five decades, coronaviruses have profoundly influenced medicine,
epidemiology, and society. While SARS-CoV-2 remains the most consequential, the
broader history of coronaviruses highlights the ongoing need for vigilance and resilient
communication systems to counter misinformation and protect global health in an
interconnected world [4]. SARS-CoV-2 (Severe Acute Respiratory Syndrome
Coronavirus 2) causes COVID-19, a global pandemic that began in late 2019. Here are
some key points about the virus: Classification and Structure. SARS-CoV-2 is a
coronavirus, part of the Coronaviridae family. It is an enveloped, single-stranded RNA
virus. The virus has spike (S) proteins on its surface that allow it to bind to and enter
human cells via the ACE2 receptor. Transmission primarily occurs through respiratory
droplets and aerosols, such as those released during coughing, sneezing, and talking. It
can also spread via contaminated surfaces (fomites), though less commonly. Airborne
transmission is possible in enclosed or poorly ventilated spaces. Virulence refers to the
degree of pathogenicity or the ability of a virus to cause disease [5].

SARS-CoV-2 has demonstrated varying levels of virulence, depending on viral
strain, host factors, and the immune response. Here are key aspects of its virulence:
factors include the spike (S) protein and the ACE2 receptor. SARS-CoV-2 enters
human cells via the ACE2 receptor, which is highly expressed in the lungs, heart,
kidneys, and intestines. The spike (S) protein has a high binding affinity to ACE2,
enhancing infectivity. Mutations in the S protein (e.g., in Delta and Omicron variants)
have increased transmissibility and immune evasion. SARS-CoV-2 has mechanisms
that suppress early immune responses, primarily by inhibiting interferon production,
which allows it to replicate efficiently before the immune system detects it [6].

Some variants (e.g., Delta) replicate more rapidly, resulting in higher viral loads
and more severe disease, including an inflammatory response and a cytokine storm. In
severe cases, an overactive immune response, known as a cytokine storm, leads to
widespread inflammation, tissue damage, and organ failure. This excessive
inflammation is responsible for severe complications like acute respiratory distress
syndrome (ARDS) and multi-organ failure. CPE (Cytopathic Effect): Visible
morphological changes in host cells caused by viral infection. These changes, including
cell rounding, detachment, syncytia formation, or lysis, are used to diagnose viral
infection in cell cultures [7].

The virulence is more clearly evident in “Table 1”. Four variants were isolated at
the onset of the pandemic in Kazakhstan, and all four are shown in “Table 1.
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Table 1—Different SARS-CoV-2 variants and their varying levels of virulence

Variant Virulence Characteristics
Alpha (B.1.1.7,2020) Increased transmissibility, slightly
higher virulence.
Delta (B.1.617.2, 2021) High viral load is associated with more

severe disease and increased
hospitalisation rates.

Omicron (B.1.1.529, 2021-Present) High transmission, lower virulence,

milder disease, but immune evasion.

The Delta variant had a higher virulence, leading to severe lung damage and
higher hospitalisation rates. Omicron and its subvariants tend to replicate more in the
upper respiratory tract, reducing lung involvement and severity but increasing
transmissibility [8]. Host Factors Affecting Virulence: Age - Older individuals are at a
higher risk of developing severe disease. Comorbidities, including diabetes,
hypertension, obesity, and immunosuppression, increase the severity of the condition.
Vaccination Status: Vaccinated individuals generally have reduced disease severity.
Genetics and Immune Response: Some individuals may have genetic predispositions
that affect ACE2 expression or immune response [9].

Clinical outcomes & severity: mild cases (80%): Fever, cough, fatigue, sore
throat, anosmia. Moderate cases (15%): Pneumonia, difficulty breathing, mild hypoxia.
Severe cases (5%): ARDS, cytokine storm, organ failure, death [10]. The overall case
fatality rate (CFR) varies by variant and healthcare availability but is lower than that
of SARS-CoV-2 (2003) and MERS-CoV (2012), which had significantly higher
mortality rates [11]. SARS-CoV-2 has demonstrated moderate virulence compared to
other coronaviruses, with some variants, such as the Delta variant, being more severe.
In contrast, Omicron exhibits lower virulence but higher transmission rates. The virus's
ability to evade immunity and mutate rapidly influences its pathogenicity and clinical
impact [12].

The strain we worked with is the Omicron strain; nevertheless, it has a relatively
high virulence, with a rapid cytopathic effect (CPE) and a relatively low viral load
(MOI of 2 in Kazakhstan and MOI of 0,1 in China). Viruses are endo-parasites that
strongly depend on their host cell and its replication, transcription, and translation
machinery. Viruses can infect both eukaryotic and prokaryotic organisms (phages). It
is challenging to classify them as true parasites or pseudoparasites. Viruses have
compact genomes, mostly enveloped by capsid proteins, and can be composed of either
DNA or RNA, as they encode various types of transcriptase. Coronaviruses are named
for their corona-shaped appearance when viewed under the electron microscope.
Viruses, are they alive? According to the latest characteristics of life biology, viruses
meet only a fraction of the criteria for life— such as growth and development—because
they do not grow or develop in the classical sense of these words. Only numbers
increase—the viral load in a host cell, which ultimately leads to its fatal membrane and
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cytosol bursting. Viruses possess neither order because they cannot be characterised
as cellular organisms nor as energy processors.

However, many virions are highly ordered; instead, they utilise the ‘victim’
replication machinery to reproduce, expressing various enzymes on eukaryotic
ribosomes [12]. Viruses are so heavily dependent on host metabolism that they can
survive only inside penetrated host cells. The size also plays a crucial role; most living
organisms, even unicellular ones like bacteria or protists, require space—the
biosphere—to inhabit; viruses, in sharp contrast, mainly depend on particular hosts and
their interactions within the biosphere. The only thing that relates viruses to living
organisms is their capacity for heredity and adaptation, as evidenced by their ability to
regulate gene expression independently. The viral genome can defend its critical
regions of gene expression; these regions are called ORFs (open reading frames) and
function as enzyme—bioactive catalysis.

The tiny size of viruses allows them not only to infect most organisms effectively
but also to develop a profound number of strategies to regulate the populations of
bacteria, fungi, plants, and other organisms. Viruses also cannot be considered true
parasites because, although they cannot survive on their own, they usually kill their
hosts relatively quickly, as seen with Ebola and Marburg viruses, which kill their hosts
within several days [11].

This false parasite behaviour is their true weakness: low virulence and the
inability to spread. The ideal pandemic viral scale is one where a virus spreads not only
quickly but also allows a host to spread contamination fluids into the air for as long as
possible, and keeps the so-called patient zero unaware of their role in spreading until it
is too late. The virus is one of the most primitive life forms biology knows (apart
from viroids, which are even more primitive): it has only membrane proteins that
enable it to penetrate the host cell membrane, and a nucleocapsid that encloses the
genetic material, which appears in either DNA or RNA form.

When the genetic material of a virus is inserted into the cytosol of the victim
cell, the viral RNA, for instance, starts to dock on ribosomes and begin to produce
immediately so-called reverse-orientated complicated enzymes like RNA driven RNA
polymerase-enzyme that interacts with host DNA replication-machinery and starts to
reproduce first the genetic material in positive sense direction, the reason why COVID-
19 virus, for instance, has a definition as single-stranded RNA positive sense virus
(ssRNA™). About two-thirds of the SARS-CoV type two virus genome is fully
dedicated to enabling, protecting and sustaining the work of RARP to ensure the viral
survival through not only replicating the genetic material but also producing main
components of virions like spike protein — the host membrane ‘opener,” membrane
protein -even viruses must have information about the host membrane barrier in a
cooperative form as Receptor binding domain - Angiotensin-converting enzyme 2
(RBD-ACE 2) [13-14].

The region spanning approximately 70% of the 30,000 base pairs (bp) is called
ORF1ab (open reading frame) and encodes 16 non-structural proteins, including NSP3,
NSPS5, and NSP12. The NSP5 is located in the ORF1la region, which facilitates its
adaptation and docking on host ribosomes.
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The NSP12 is the most significant gene product of the COVID-19 virus and is
responsible for RARP expression. The rest, for instance, NSP-1-4 and NSP6-11, are
responsible for enzymatic activities that support NSP5 during primary replication. The
NSP13-16 also exhibits significant catalytic features that replicate the classical DNA
replication process; instead of DNA, it uses RNA, and there is no need for leading or
lagging strands, as seen during classical eukaryotic DNA replication [15].

Above all, NSP12 is the most significant gene product of the viral genome. They
encode the most essential enzyme during the primary infection period—the RNA-
directed RNA polymerase. NSP12 is so crucial that NSP13 and NSP11 fulfil the
catalytic functions necessary for NSP12's efficient functioning. Some antiviral drugs,
such as Remdesivir, disable RARP from docking onto RNA subunits and, therefore,
prevent the viral genome from replicating. Other antiviral drugs cause a phenomenon
known as lethal mutagenesis in RNA metabolism, resulting in impaired viral survival
or reduced viral load, which ultimately affects their functions and numbers. RNA-
dependent RNA polymerase provides the viral genome with genetic variations through
favourable point mutations.

The viral survival entirely depends on RdRP, and its importance is paramount.
In multiple investigations conducted in the early 2000s and in 2020, in China and the
USA, it was confirmed that, despite the high mutation potential of the SARS-CoV
virus, few mutations occur from strain to strain, independent of its geographical origin
and the ORFlab region of the genome [16]. Severe acute respiratory syndrome-
associated coronavirus 2 (SARS-CoV-2) is a life-threatening respiratory infectious
condition caused by the SARS-CoV-2 virus, which belongs to the coronavirus family
and genus Betacoronavirus—specifically, a single-stranded positive-sense RNA virus
(ssRNA+). Variants of the SARS-CoV-2 coronavirus continue to emerge due to the
virus's ongoing transmission and evolution worldwide. Since the pandemic was first
declared by the World Health Organisation (WHO) in March 2020 [1], the following
variants have been identified: B.1.17 (alpha), B.1.351 (beta), P.1 (gamma), B.1.617.2
(delta), and B.1.1.529 (omicron) [18]. Kazakhstan reported the first human case of
COVID-19 in March 2020 [17].

According to the Johns Hopkins University database, as of January. In October
2022, the Republic of Kazakhstan reported 1,484,400 confirmed cases, with 19,052
deaths [17]. The coronavirus, or SARS-CoV-2, belongs to the Coronaviridae family,
which are enveloped, positive-sense, single-stranded RNA viruses [8]. The SARS-
CoV-2 genome comprises 14 open reading frames (ORFs), two-thirds of which encode
16 non-structural proteins (NSP 1-16) that make up the replicase complex [9,10].

The rest encodes the nine accessory proteins (ORFs) and four structural proteins:
spike (S), envelope (E), membrane (M), and nucleocapsid (N), of which Spike enables
SARS-CoV entry into the cytosol of the target cell [9]. As with any virus of this type,
the Spike protein is the most variable, and because of this, SARS-CoV can penetrate
the various cell membrane types of mammals [10]. There are approximately 30,000
nucleotides in RNA, encoding 11 proteins. Retroviruses have caused much harm over
the years, and they're now a significant threat to human well-being. These types of
viruses, belonging to the family Retroviridae, typically carry their genetic material as
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RNA. Thanks to an enzyme called reverse transcriptase (RT), they could use the host
DNA. RT is responsible for copying genetic information from one virus particle to
another. The most well-known viruses of that family are Lentivirus (human
immunodeficiency virus (HIV)) and SARS-CoV-2 (COVID-19) [11].

It is essential to note that viral infections aim to replicate their genomes and
assemble new viral particles to invade surrounding cells and tissues; these processes
are often lethal, potentially harming a cell or even an entire tissue system, such as the
lungs. Thus, it is challenging to classify any viral ‘organism’ as a parasite whose long-
term survival correlates with the host’s well-being.

The side effect” of viral infections, such as inflammatory or less obvious
clinically distinguishable signs, is the integration into the cell genome due to the
enzymatic activity of viral RNA of various tissue types; this, in turn, causes multiple
types of critical mutations in renewable tissues, which can sometimes result in
devastating diseases like pneumonia, renal failure or other chronic, irreversible
diseases. The negative impact of the global COVID-19 pandemic on the population is
widespread and is only just beginning to be experienced. Therefore, the potential harm
of this type of virus is never completely neutralised, and underestimating its pandemic
potential is the highest priority for any authority to avoid [12-16].

SARS - stands for severe acute respiratory syndrome. Most of those diagnosed
with SARS were healthy adults aged 25 to 70. Children under the age of 15 have been
the victims of a few alleged SARS cases. SARS typically has an incubation period of
2 to 7 days, but can last up to 10. People with an illness meeting the current WHO case
definition for probable or suspected SARS have a case fatality rate of around 3%. Since
the COVID-19 pandemic emerged in 2020, the United Nations has considered this
virus and related diseases a global challenge for healthcare systems worldwide.

The consequence of SARS-CoV-2 infection could lead to chronic illnesses,
long-term health issues, and, to some extent, medical and mental impairment, which is
why some scientific journals’ scope is fully dedicated to this problem. In many
countries, the hospitalisation rates reached critical levels, so many infected individuals
were forced to stay at home and get treated far from inpatient wards.

Pneumonia is a direct and widely spread clinical consequence among COVID-
19-positive patients and needs to be separated according to the severity of the illness
progression and the extent of lung damage. The more damage occurred, the less
oxygenation gained via lung breath, so many patients with acute lung damage were
heavily dependent on artificial lung ventilation apparatus in intensive care. It was
crucial to monitor whether pneumonia patients with COVID-19 infection were
regularly assessed for bacterial infection and to detect bacterial co-infection. The
antibiotic treatment strategy would have been implemented if a need arose to prevent
pulmonary collapse [16-17].

SARS-CoV-2 and its molecular feature mainly rely strongly on the viral Spike,
which has an S1/S2 polybasic cleavage site that is proteolytically cleaved by cellular
cathepsin L and the transmembrane protease serine 2 (TMPRSS2), and a receptor-
binding domain (RBD) that mediates direct contact with a cellular receptor,
angiotensin-converting enzyme 2 (ACE2) [18,19,20]. ORFla and ORFlb are
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translated into viral replicase proteins as soon as the viral genome is inserted into the
host cell's cytoplasm and cleaved into individual nascent proteins by both host and viral
proteases. The RNA-dependent RNA polymerase (nspl2, which is derived from
ORF1b) is formed by these [21]. The components of the replicase move the
endoplasmic reticulum (ER) into double-membrane vesicles (DMVs) at this location,
facilitating viral replication of genomic and subgenomic RNAs (sgRNAs). The latter
is turned into accessory or auxiliary proteins and viral structural proteins, making it
easier for the virus to form particles [22,23]. In conclusion, the secondary part of the
genome encodes the nine accessory proteins (ORFs) that ensure the viral mRNA
genome is translated. It is worth noting that the replicase for accessory protein
production is significantly more critical than that for primary proteins. In addition, the
four structural proteins are spike (S), envelope (E), membrane (M), and nucleocapsid
(N), of which the spike protein enables SARS-CoV entry into the cytosol of the target
cell [19]. ORF1la and ORF1b are translated into viral replicase proteins as soon as the
viral genome is inserted into the cytoplasm of the host and cleaved into individual
proteins (via the host and viral proteases, including PLpro). These form the RNA-
dependent RNA polymerase (nsp12 derived from ORF1b) [19].

The latter is turned into an accessory or auxiliary protein and viral structural
proteins, making it easier for the virus to form particles [20-23], unlike HIV, which has
a complicated capsid structure with sophisticated (negatively charged dNTPs-
permeable) pores that are permeable for negatively charged dNTPs, which serve as
building blocks for the formation of RNA-host-DNA-hybrid. SARS-CoV does not
possess such protection against host-cell enzymes [24].

The secondary part of the genome encodes the nine accessory proteins (ORFs),
enabling the viral mRNA to be translated stepwise. Furthermore, the replicase required
to produce accessory proteins must be integrated into the host genome to allow a
virus to reproduce [21,24]. The structure of the SARS-CoV-2 virus genome and
proteins resembles that of typical retroviruses, which are spherical to pleomorphic and
have a diameter of 80-100 nm.

Different genera of retroviral virions exhibit distinct morphologies, yet they
share the same core components, including an outer shell, two copies of the genetic
material, and viral proteins. The envelope consists of lipids derived from the host
plasma membrane during budding and glycoproteins, such as gp120 and gp41 in the
case of HIV [25]. The outer lipid bilayer of the retroviral envelope protects it from the
extracellular environment, promotes the penetration and exit of host cells through the
endosomal membrane, and facilitates the virus's entry into host cells and its easy fusion
with their membranes. These are three distinct functions of the retroviral envelope.

The retrovirus has a single-component, linear, dimeric sSRNA (+) genome,
measuring 8 to 10 kilobases in length, with a 5' envelope and a 3' poly-A tail. There
are flanks for group-specific genes (gag, pol, pro), and the envelope gene (env),
between the R sites. The primers U3, R (PBS), and U5 binding sites form 5' long
terminal repeats (LTRs). In the polypurine tract (PPT), the sections U3 and R form the
3' end. Reverse transcription uses a short repeating sequence at each genome end to
ensure proper end-to-end transfer in the growing chain. On the other hand, US is a short
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exception sequence between PBS and R [26]. The 18 bases in PBS correspond to the
3' end of the tRNA primer. An untranslated leader region, the L region, indicates how
genomic RNA is packaged. The proteins gag, protease, pol, and env form the core of
the retroviral protein. Gag is the main structural protein of the retrovirus, which
controls most of the virus assembly processes. Interactions with three Gag subdomains
- the matrix (MA), the capsid (CA), and the nucleocapsid (NC) — influence many of
these assembly steps. Although gag subdomains differ structurally, their functions
overlap during virus assembly [27,28].

To sum up, Tenofovir, as a prodrug that forms TAF and TDF, effectively
suppresses the protease activity of retroviruses and inhibits the primary protein
synthesis, making the DNA or RNA fitness of this virus type unsustainable. According
to the WHO dashboard, more than 6.4 million people worldwide died from COVID-
19 by August 18, 2022. The omicron strain has been diagnosed in over 590,000,000
people worldwide. A brand-new variant that emerged toward the end of November
2021 has become the most common strain worldwide, contributing to the ongoing rise
in several nations. In several high-income nations, vaccination is significantly reducing
the number of cases and hospitalisations, but a lack of universal access to vaccines
leaves many populations vulnerable. Even in vaccinated individuals, questions remain
about the effectiveness and duration of current vaccines against Omicron and other new
SARS-CoV-2 variants.

There is still a need for more effective COVID-19 treatments overall. The global
spread of COVID-19, along with the avalanche of research and misinformation, has
highlighted the importance of reliable, easily accessible, and frequently updated
guidelines for living with the virus, so that new findings can be understood and clear
recommendations for clinical practice can be provided [29]. Apart from the severe
acute respiratory syndrome and acute respiratory distress syndrome (ARDS), causing
severe health impairment,

COVID-19 is also capable of causing post-COVID-19 health conditions like
cognitive impairment. Other neurological and non-neurological deficits, such as
fatigue and mental health symptoms, may overlap or cluster with cognitive deficits. In
conditions following COVID-19, fatigue or exhaustion manifests as severely depleted
systemic energy levels unrelated to activities or exertion and unaffected by usual rest
or sleep. Fatigue negatively impacts the quality of one's life, physical and cognitive
function, social participation, and employment. The core symptoms of depression
following COVID-19 include a persistent low mood and sadness for at least two weeks
and a markedly diminished interest in enjoyable activities. Depression can also cause
problems sleeping, changes in appetite, fatigue, thoughts of self-harm or suicide, and
feelings of worthlessness. Anxiety symptoms can include restlessness, racing or
uncontrollable thoughts, difficulty concentrating, a sense of dread, difficulty sleeping,
a lack of appetite, and irritability [29-30].

The SARS-CoV-2 consists of a viral genome: fourteen open reading frames
(ORFs), two-thirds of which encode sixteen non-structural proteins (nsps 1-16) that
make up the replicase complex [30,31]. The rest encodes the nine accessory proteins
(ORFs) and four structural proteins: spike (S), envelope (E), membrane (M), and
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nucleocapsid (N), of which Spike enables SARS-CoV entry into the cytosol of the
target cell [22]. As with any virus of this type, the Spike protein is the most variable,
and because of this, SARS-CoV-2 can penetrate the various cell membrane types of
mammals [33-34]. ORFlab in SARS-CoV-2 is a critical open reading frame (ORF)
that plays a central role in the virus's replication and transcription machinery. Here is
a structured overview. Genomic Context: SARS-CoV-2 Genome - A single-stranded,
positive-sense RNA virus with a genome of approximately 29,903 nucleotides. The 5'
two-thirds genome contains ORF1a and ORF1ab, which encode large polyproteins.

Key Features of ORFlab. Ribosomal Frameshift Mechanism: ORFlab is
expressed via a -1 ribosomal frameshift during translation of ORF1a. This occurs at a
"slippery sequence" followed by an RNA pseudoknot, causing the ribosome to shift
the reading frame and continue translation into ORF1b. Result: A longer polyprotein
(pplab) is produced, combining ORFla and ORF1b regions, whereas ORF1a alone
produces a shorter polyprotein (ppla). Polyprotein Processing: The pplab polyprotein
is cleaved by viral proteases (3CLpro/Mpro and PLpro) into 16 non-structural proteins
(NSP1-NSP16).

These NSPs form the replication-transcription complex (RTC), which is
essential for viral RNA synthesis. Key Non-Structural Proteins (NSPs): NSP12
(RdRP): RNA-dependent RNA polymerase, a target for antivirals (e.g., Remdesivir).
NSP13 (Helicase): Unwinds RNA during replication. NSP14: Proofreading
exonuclease, reducing mutation rates. NSP15 (EndoRNAse) and NSP16 (2'-O-
MTase): Modify RNA to evade host immune detection. Viral Replication: ORF1ab-
derived proteins are indispensable for viral genome replication and subverting host
defences. Antiviral Targets: Enzymes such as RARP and proteases (e.g., 3CLpro) are
prime targets for drug development (e.g., Paxlovid inhibits 3CLpro).

The ORFlab gene is highly conserved among coronaviruses, making it a
valuable target for diagnostics (e.g., PCR primers) and broad-spectrum therapeutics.
Mutations in ORFlab (e.g., P323L in NSP12) may influence viral fitness or drug
resistance, but are less common than those in structural proteins, such as the Spike
protein. Surveillance of ORFlab helps track viral evolution and inform the
development of countermeasures. Protease activity in SARS-CoV-2 is crucial for viral
replication and pathogenesis. The virus encodes two key proteases that process its
polyproteins into functional components.

The first is the main Protease (Mpro or 3CLpro). It cleaves the large
polyproteins (ppla and pplab) translated from the viral RNA into non-structural
proteins (nsps) required for replication and transcription. Specifically, it cleaves at 11
conserved sites, generating mature proteins, including the RNA-dependent RNA
polymerase (RARP) and the helicase. Structure: A cysteine protease characterised by a
catalytic dyad comprising Cys145 and His41. Functions as a homodimer, with each
monomer containing three domains (I-III). The second protease, Papain-Like Protease
(PLpro), cleaves the polyprotein at three sites, releasing NSPs 1-3. Immune Evasion:
Removes ubiquitin and interferon-stimulated gene 15 (ISG15) from host proteins,
thereby dampening antiviral immune responses, including NF-kB and interferon
signalling. [35-36] Structure: A cysteine protease featuring a catalytic triad comprising
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Cysl11, His272, and Asp286. Contains a ubiquitin-like domain for substrate
recognition. Therapeutic Target: Less advanced than Mpro inhibitors, but
investigational compounds (e.g., GRL-0617) aim to block PLpro’s dual role in viral
processing and immune suppression.

According to Figure lunderstanding the structure-function relationships of
ORF1ab facilitates the design of inhibitors to disrupt viral replication [20-21]. Studies
on frameshifting mechanisms could lead to novel antiviral strategies targeting this
process. In summary, ORF1ab is a cornerstone of SARS-CoV-2 biology, driving viral
replication and serving as a key focus for therapeutic and diagnostic innovation [19-
20,33, 37].
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Figure 1 — The schematized viral genome of a SARS-CoV?2 virus strain [37]

The polyprotein regions (pp) or so-called open reading frames (ORFs) are
primarily encoded in the viral genome for replicase genes, from which fragments are
designated non-structural proteins (NSPs). The most promising targets are nsp5 and
nspl2, which are essential for viral replication. The structural genes encode proteins
for various purposes, including the spike (S), envelope (E), membrane (M), and
nucleocapsid (N) proteins, as well as auxiliary or accessory proteins [22,35]. Receptor
binding protein (RBD): wviral spike protein, glycolysis, S1-Domain, ACE-2
Recognition, Furin, S2-Domain, TMPRSS2, cell and viral membrane fusion. The viral
infection caused by SARS-CoV-2 begins with the RBD, which consists of two
subunits: S1 and S2. They are non-covalently associated subunits. The S1 Subunit
binds to ACE-2, and the S2 subunit anchors the S2-protein to the membrane. The S2
Subunit contains the fusion peptide and other molecular machinery required to mediate
membrane fusion during invasion of a new host cell, enabling the viral genome to enter
the cytosol [37]. After contact with the spike protein, Furin accurately cleaves the outer
part of the spike protein, known as the S1 domain, thereby releasing the inner core of
the spike protein. This S2 domain is also cleaved by transmembrane serine protease 2
(TMPRSS2) [31]. After these, the spike protein unfolds and anchors into the host cell
membrane. Thus, the viral and host cell membranes begin to fuse, allowing the viral
genome to enter the host cell cytosol. A ribosome binds to the viral RNA and initiates
the translation of its genetic code. It results in a long protein chain containing non-
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structural proteins (NSPs). NSPs can cut the neighbouring chains. First, they release
short naps that bind to ribosomes and occupy them, allowing the bound ribosomes to
read only viral RNA rather than the host cell's messenger RNA (mRNA). From the
very beginning, the infected host cell becomes a virus-building factory, thanks to the
virus's control over the cell's translation machinery [35]. The primary spike protein
structure is the key aspect of understanding viral pathogenesis, and its primary structure
is depicted in Figure 2.

The viral entry activation of respiratory cells, such as lung cells, is mediated by
the transmembrane protease serine 2 (TMPRSS2), which is not present in Vero kidney
cells. However, the SARS-CoV-2 virus can be readily grown in them. The COVID-
19 pandemic posed enormous global challenges to national healthcare systems
(NHCs). The initial response to the spread of such an epidemic focused on treating
infected patients to achieve clinical effect [35-39].

People around the globe stormed pharmacies to obtain paracetamol, which is
effective against fever; others claimed anti-flu drugs, hoping to experience their
therapeutic effects, and some even bought out antibiotics, considering that they would
also be beneficial. COVID-19 is a single-stranded positive-sense RNA (+) (ssRNA)
coronavirus that attaches to the host cell receptor, ACE2, via the spike glycoprotein in
combination with surface protease TMPRSS2. This virus relies heavily on replicase
targets, including RNA-dependent RNA polymerase, as shown in Figure 2 [40-49].
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Figure 2 — Structure of the SARS-CoV-2 spike (S) protein

A schematic representation of the SARS-CoV-2 spike (S) glycoprotein. The
protein is composed of several functional domains, each indicated by a distinct colour.
The signal sequence (SS) precedes the N-terminal domain (NTD), receptor-binding
domain (RBD), subdomains 1 and 2 (SD1, SD2), fusion peptide (FP), heptad repeats
(HR1, HR2), central helix (CH), connection domain (CD), transmembrane domain
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(TM), and cytoplasmic tail (CT). Arrows indicate protease cleavage sites S1/S2 and
S2'. These cleavage events are required for activation of the fusion mechanism that
enables viral entry into the host cell. RNA polymerase (RdRP), Helicase, Exonuclease,
and Endoribonuclease. None of those mentioned above claimed that drugs could handle
the rapidly increasing viral load and could bring either therapeutic or prophylactic
(preventive) effects. Since then, scientists worldwide have launched a global effort to
identify the most effective drugs against viral infections with replication-inhibiting
properties that can alleviate patients' symptoms. Viral infections are complicated to
fight without harming host cells because the viral genome utilises the host cell's
machinery to replicate and assemble into new copies [32,40-48].

The viral load is entirely dependent on the assembly rates. For example, in the
case of COVID-19, a single infected host cell can produce over 10,000 new
coronaviruses before the cell bursts. To sum up, understanding how effectively to fight
and treat viral infections requires grasping the viral life cycle, which involves several
stages, including attachment to the host cell receptor. Most animal-specific viruses
have an additional lipid membrane, known as an envelope, with protein spikes that
facilitate attachment to a target cell. In the case of SARS-CoV-2, these spikes are part
of the structural protein’s composition.

1.2 Antiviral drugs against SARS-CoV-2

In the last 60 years of development, most antiviral drugs were designed for long-
term infection; only 43 antiviral drugs are against HIV alone, which has not satisfied
the trend for the last several decades. Additionally, 75 antiviral drugs target the viral
molecular machinery—specifically proteins—while 13 target host proteins. It would
probably make more sense if antiviral drugs targeted host proteins, since it is harder to
develop resistance against host DNA, which has lower mutation rates. We are
witnessing a shortage of effective antiviral drugs for several reasons. Host factors could
be another angle. Some antivirals, such as interferons, enhance the immune response.
But many are direct-acting [40-44, 46]. The challenge is to ensure that the drug affects
only the virus. For instance, nucleoside analogues are incorporated into viral DNA,
leading to chain termination.

However, they might also affect host DNA if not selective enough, leading to
side effects. In terms of unique characteristics, key points may include their targeted
mechanisms, the challenge of resistance, the narrow spectrum, the need for timely
administration, and the complexity of development due to virus-host interactions [40].
Additionally, combination therapies are used to overcome resistance and their role in
managing chronic infections (such as HIV) versus acute infections (like influenza).
Additionally, because viruses are intracellular parasites, targeting them without
harming host cells is challenging. Antibiotics can target cell walls or ribosomes, which
are different in bacteria. Viruses lack ribosomes, so antivirals must target alternative
sites, such as viral polymerases or proteases. Mechanism of action (specific stages),
specificity and selectivity, issues with resistance, narrow spectrum, timing of use,
combination therapies, and challenges in development. Maybe also mention examples
like acyclovir, Tamiflu, HIV drugs, and HCV DAAs. ICso (Half-Maximal Inhibitory
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Concentration) is the concentration of a drug required to inhibit 50% of viral replication
or enzymatic activity in vitro. It measures a drug’s potency by directly blocking viral
components (e.g., viral enzymes such as RARP or 3CL protease). Remdesivir (RdRP
inhibitor): ICso values are determined by its ability to inhibit viral RNA polymerase
activity [45-46,49,50].

Paxlovid (nirmatrelvir/ritonavir): 1Cso reflects inhibition of the SARS-CoV-2
3CL protease. CE (Cytopathic Effect Inhibition) - CE assays measure a drug’s ability
to protect host cells from virus-induced damage (cytopathic effect, CPE) in cell
cultures. It evaluates both antiviral activity and cell viability (toxicity). Drugs like
molnupiravir are tested for their ability to reduce SARS-CoV-2-induced cytopathic
effects (CPE) in cultured cells.ECso (Half-Maximal Effective Concentration) is often
reported as the concentration of the drug required to achieve 50% protection against
CPE. ICso:

Prioritises medicines that directly target viral machinery, such as RdRP
inhibitors like remdesivir. [45-46] CE (ECso): Identifies drugs that are non-toxic and
effective in cellular models, bridging in vitro results to in vivo outcomes. A drug with
a low ICso (potent) but high ECso (ineffective in cells) may fail due to poor cellular
uptake or toxicity. Successful antivirals (e.g., Paxlovid) combine a low ICso (potent
viral inhibition) with a low ECso (adequate cell protection). Both metrics are critical in
antiviral development, with IC guiding mechanistic studies and CE ensuring
translational potential [48-52].

Antiviral therapy has been one of the most complex and expensive fields of
pharmaceuticals for many decades, and only a few new antivirals have been developed
in the last 60 years. This sad tendency is evident in Figure 3, which shows time lapses.
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Figure 3 — 60 years of antiviral drug development in the USA since the early 1960s
in the 20th century

Unfortunately, research on antiviral medications began only after the discovery
of viruses. This allowed the viral infection to spread or adapt to human immunity and
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the human genome, posing significant challenges for the pharmaceutical industry in
developing effective strategies to combat the viral invasion [28-29]. Thus, only a few
drugs were approved to combat them effectively. To make matters worse,
pharmacology and science were primarily focused on persistent viral diseases that
require lengthy, expensive therapy to reduce viral load in host cells. Furthermore,
viruses are difficult to treat without serious side effects. In addition to the scarcity of
antiviral drugs, it has another fatal flaw: its viral targets were primarily designed for
chronic, slowly evolving viral pathogens.

To make matters worse, only 37% were intended to inhibit polymerase activity.
Figure 4 shows this grim allocation of antivirals. So, putting it all together, the unique
aspects are their targeted approach to specific viral mechanisms, the need for precision
to avoid host toxicity, dealing with rapid viral mutation and resistance, often narrow
spectrum, critical timing in administration, use in combinations, and the complexity in
developing drugs that can effectively interrupt viral processes without harming the host
[51,53-54]. Since viruses can hide in specific cells or reservoirs (such as latent herpes),
antivirals must be able to penetrate those areas. For chronic infections, long-term use
is needed, which requires drugs with reasonable safety profiles [54].

The diagram (Figure 4) also illustrates the structural and functional targets of
antiviral drugs. The largest group is represented by polymerase inhibitors (37%).
Protease inhibitors account for 24%, and host-directed antivirals account for 14%. The
group of drugs targeting the NSSA protein of HCV comprises 8%, while integrase
inhibitors comprise 4%. Another 13% of agents target viral proteins of other pathogens.
The data confirm the key role of viral polymerase and protease as the most "druggable"
antiviral targets.
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Figure 4 — Antivirals by virus species and target

Distribution of approved antivirals by virus species. The pie chart illustrates the
proportion of antiviral drugs by their respective viral targets. The majority of
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registered agents are directed against HIV-1 (51%). A significant part of the drugs is
used for therapy of hepatitis C virus (HCV) (20%), herpesviruses HSV and HCMV
(13%), and hepatitis B virus (HBV) (10%). The remaining 6% are represented by
antivirals targeting other viral infections. This distribution emphasises the dominance
of anti-HIV therapy in the antiviral pharmacopoeia.

First and foremost, compounds that interfere with virus growth can have adverse
effects on the host cell. This means side effects are common and, in most cases,
unacceptable. Additionally, every step in the viral replication cycle engages host
functions [30-31,51-52].

Secondly, some medically and clinically important viruses cannot be
propagated, as there is no suitable animal model, and they are too hazardous to work
with. These viruses include HBV, HPV, smallpox, Ebola virus, Lassa virus, and
Marburg virus [53-54].

Thirdly, a compound must completely block virus replication. It must be potent.
Potent antiviral drugs cannot afford to block enzyme activity only partially, as many
standard pharmaceuticals do. Otherwise, we develop antiviral drug resistance as
mutated strains emerge. And, of course, we should not forget the financial aspect — it
is costly. For many decades, antiviral medicine production has been categorised into
four main groups. They are 1) Anti-influenza, 2) anti-HIV drugs, 3) Anti-hepatitis, and
4) Anti-herpes. Figure 4 illustrates the allocation of antiviral drugs by virus species and
their specific targets. Overall, the majority of antiviral medications focus on HIV, while
polymerase activity is the least targeted mechanism. The first pie chart shows that 46%
of antiviral drugs are developed to combat HIV, making it the most researched virus.
Other viruses, such as Hepatitis B and C (HBV/HCV), account for 21%, while herpes
viruses represent 17%.

Influenza and other viruses comprise smaller proportions —11% and 5%,
respectively. The second chart highlights the targets of these antiviral drugs—the most
significant target (37%) is polymerase activity, which is essential for viral replication.
Proteins involved in viral molecular mechanisms are targeted by 31% of drugs, while
integrase inhibitors account for 4%. Approximately 28% of antivirals target host DNA
or proteins, thereby indirectly affecting viral survival [54-56]. In summary, most
antiviral drugs are aimed at treating HIV and focus on polymerase activity or viral
proteins. However, a considerable portion also targets host cellular mechanisms,
reflecting efforts to develop broader treatments for persistent viral infections. This data
highlights the challenges associated with Favipiravir (nucleoside analogue), a pyrazine
analogue of T-705 and apotent inhibitor of influenza viral RNA polymerase
[33,49,57].

Favipiravir’s metabolite (Favipiravir RTP (ribofuranosyl 5’-triphosphate
interacts with viral RNA-dependent polymerase (RARP). It is assumed that the antiviral
effect can be downgraded in the presence of purine nucleotides ATP and GTP. In
addition, this metabolite can be identified as a ‘false’ purine by the viral RARP [34,56-
57]. Previous in vitro studies have shown that SARS-CoV-2-infected Vero E6 cells
exhibit a tolerable cytotoxicity profile, with a half-maximal cytotoxic concentration
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(CC50) of 400 uM or higher [35]. Thus, it became clear that Favipiravir could be used
at high concentrations as a safe and effective treatment for COVID-19.

Ribavirin (a nucleoside analogue) is a well-known antiviral drug that interferes
with RNA and DNA replication by acting as a guanosine analogue (Guanine
triphosphate (GTP)). The RNA-polymerase is not a single target. However, its structure
prevents RNA capping during RNA maturation, which is heavily dependent on natural
guanosine, thereby preventing RNA degradation [36]. Some studies have shown no
significant cytotoxicity in the Vero cell model at a ribavirin concentration of 31.3
ug/mL [37].

The clinical experience during the pandemic revealed that patients with
worsening cases were administered 400mg every 8 hours, in addition
to methylprednisolone, to decrease the progressive viral load activity [38,51-53]. The
high specialisation of ribavirin led doctors to pair it with either IFN-02a or IFN-a2b
(interferon) to achieve the therapeutic threshold and stop viral replication [38]. In
2003, in Canada, ribavirin therapy with a dose of 500mg every 8 hours for 4-6 days
was also combined with a corticosteroid in 40% of SARS patients [39]. Ribavirin is a
universal antiviral agent that can be used alone or in combination with antiviral
compounds, such as interferon or immunosuppressants, in patients with worsening
clinical conditions.

Tenofovir (a nucleotide analogue) is both an anti-HIV drug and an antiviral drug,
according to the manufacturer’s manual. Tenofovir is a class of reverse transcriptase
inhibitors, specifically a nucleoside reverse transcriptase inhibitor (NRTI), a structural
analogue of nucleic acids such as adenosine monophosphate. These compounds
competitively inhibit reverse transcription by causing chain termination after they
become incorporated into viral DNA.

This viral DNA incorporation causes a phenomenon known as ‘lethal
mutagenesis.” Tenofovir is also an antiviral medication used to treat chronic hepatitis
B, acting as a nucleotide analogue. Tenofovir inhibits the HBV (hepatitis B virus)
polymerase by competing with the natural substrate as it cooperates with the growing
viral DNA strand, causing, as in HIV (human immunodeficiency virus), chain
termination that stalls reverse transcription and viral DNA synthesis. Tenofovir is
another nucleotide analogue initially designed to inhibit the HIV (human
immunodeficiency virus) reverse transcriptase by interfering with the ATP-
Polymerisation in the growing nucleic acid chain [44].

Tenofovir was also assumed to be effective against COVID-19, as it showed a
tendency to bind to the RNA-dependent RNA polymerase (RdARP) and inhibit its
activity in replication, as well as in transcription and translation of structural and
accessory proteins, making virion assembly almost impossible [50]. Tenofovir, used
in our study for oral administration as disoproxil fumarate (TDF), has numerous side
effects when administered in high doses, including renal toxicity and bone density
degradation [44-45]. In vitro studies suggest that at concentrations under 100 uM,
tenofovir does not inhibit viral replication in VeroE6 cells at multiple infections in a
preventive manner when administered one hour before infection and up to 48 hours
post-infection. In the discussion of results, the researchers concluded that tenofovir in
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ATP form requires activation by a host kinase and that any cell type likely possesses
the appropriate kinase activity to initiate tenofovir's antiviral effects. Consider a study
on human airway epithelial cells [42, 43].

According to the manufacturer's manual, dexamethasone is a synthetic
glucocorticoid (GCS) that is a methylated derivative of prednisolone. Provision of anti-
inflammatory, anti-allergic, and immunosuppressive action, increased sensitivity of
beta-adrenergic receptors to endogenous catecholamines. The anti-inflammatory effect
is linked to decreased capillary permeability, stabilisation of cell membranes
(especially lysosomal and organelle membranes), inhibition of eosinophil and mast cell
release of inflammatory mediators, induction of lipocortin formation, and a reduction
in the number of mast cells that produce hyaluronic acid.

It acts on all stages of the inflammatory process: it inhibits the synthesis of
prostaglandins (Pg) at the level of arachidonic acid (lipocortin inhibits phospholipase
A2, inhibits the liberation of arachidonic acid and inhibits the biosynthesis of
endoperoxides, leukotrienes, which contribute to inflammation, allergies, etc.), the
synthesis of "pro-inflammatory cytokines" ( interleukin 1, tumour necrosis factor-
alpha, etc.); increases the resistance of the cell membrane to the action of various
damaging factors.

The immunosuppressive effect is brought about by lymphoid tissue involution,
inhibition of lymphocyte proliferation (especially T-lymphocyte proliferation),
suppression of B-cell migration, and inhibition of cytokine release from lymphocytes
and macrophages (including interleukin-1, 2, and interferon gamma) [44-50];
moreover, decreased antibody production. The antiallergic effect develops as a result
of a decrease in the synthesis and secretion of allergy mediators, inhibition of the
release of histamine and other biologically active substances from sensitised mast cells
and basophils, a decline in the number of circulating basophils, T- and B-lymphocytes,
mast cells; suppression of the development of lymphoid and connective tissue,
reducing the sensitivity of effector cells to allergy mediators, inhibition of antibody
formation, changes in the body's immune response. It is worth noting that 0.5 mg of
dexamethasone is approximately equivalent to 3.5 mg of prednisone (or prednisolone),
15 mg of hydrocortisone, or 17.5 mg of cortisone, depending on the degree of
glucocorticoid action.

According to WHO data, dexamethasone should be used in severe COVID-19
cases, especially if a patient is dependent on life-supporting systems [42-49]. Since the
author’s antiviral study primarily relies on tablet forms, there are some
recommendations that consumers must follow to minimise side effects. In Figure 5, the
maximum daily doses prescribed by the manufacturer’s recommendations are the
effective doses for antiviral activity of Favipiravir, Ribavirin, and Tenofovir in humans
(in vivo) and in Vero E6 cells (in vitro). Toxicity is defined as the amount or degree of
a substance required to be poisonous. It depends on the amount and concentration
involved, the frequency of use, the interactions of the person receiving the substance
of interest, and the individual's reaction to it [44, 50]. Any drug improvement begins
with revising its efficacy and conducting preclinical or clinical trials. In severe cases,
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doctors combine drugs to achieve a better therapeutic effect, which cannot be
performed in vitro due to the high cytotoxicity potential of antiviral medications.

The drug dose reflects both efficacy and the increasing risk of adverse side
effects. Antivirals are severe cell-poisoning agents that destroy infected cells. SARS-
CoV-2 proteases are pivotal for its lifecycle and are significant targets for antivirals.
Mpro inhibitors already play a clinical role, while PLpro remains an emerging target
with dual antiviral and immunomodulatory potential. Structural and mechanistic
insights continue to drive therapeutic innovation.

The bar chart (Figure 5) compares the recommended daily doses of three
antiviral medicines by patient weight. Favipiravir (COVID-19) is administered at 3200
mg for patients weighing more than 81 kg and at 1200 mg for those weighing between
40 and 80 kg. Ribavirin (HCV) is weight-dependent, with dosing ranging from 800 mg
(40-65 kg) to 1400 mg (>105 kg), with intermediate doses of 1000 mg (66—80 kg) and
1200 mg (81-105 kg). In contrast, tenofovir (HIV, HBV) is prescribed at a fixed daily
dose of 300 mg regardless of body weight, with no adjustment for patients above 105
kg. The figure illustrates the difference between antivirals that require individual dose
calculation and those with a standardised regimen [drug brochures — Appendix D].

3200

Favipiravir (COVID-19) 5200

1400
1200

o,

N/A
300

0

Ribavirin(HCV)

Tenofovir (HIV,HBV)

500 1000 1500 2000 2500 3000 3500

more than 105kg 81-105kg MW 66-80kg M 40-65kg

Figure 5 — Daily doses of antiviral drugs in milligrams according to patient body
mass as specified in the manuals

It is marketed as Fabiflu, a specialised medicine for treating SARS-CoV-2
infection, and its recommended dose is very high. It is designed to be administered
within 10 days for mild or moderate COVID-19 infection. Unlike Fabiflu, Ribavirin,
for instance, was intended to slow hepatitis C replication for up to 72 weeks, requiring
a daily dose. Tenofovir is recommended to be taken orally once daily, with one tablet
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containing 300 mg of tenofovir, for an extended period under strict physician
supervision and control, as per the manufacturer’s manual and relevant publications
[34-49].

Effective doses of antiviral effects of Favipiravir, Ribavirin, and Tenofovir on
humans (in vitro) in Vero E6 cells. After the first SARS-CoV-1 pandemic in 2003.
The dose recommendations for tenofovir and favipiravir were prescribed after in vitro
studies; see Figure 6.

Tenofovir (HIV, HBV)

Ribaverin (HCV)

50 100 150 200 250 300 350 400 450

o

Figure 6 — Maximum effective concentrations of antiviral drugs in Vero E6 cell
monolayers in micromoles with low cytotoxicity, according to open-access research
papers since 2003

The horizontal bar chart presents the maximum effective concentrations (EC)
of selected antivirals with acceptable cytotoxic profiles in Vero E6 cell culture.
Tenofovir (HIV, HBV) and ribavirin (HCV) show relatively low maximum effective
concentrations, not exceeding 100 uM, whereas favipiravir (COVID-19)
demonstrates a markedly higher effective concentration of about 400 uM. The data
indicate significant differences in the antiviral activity spectrum when tested in a
standardised cellular model.

The Vero E6 model also demonstrates the toxicity edge for monolayer cells,
where tenofovir and ribavirin could be effective, and dose control plays a significant
role not only in achieving absolute viral RNA/DNA replication silencing but also in
minimising negative side-effect impacts on contacting cells and tissues. Effective
concentration and potency (ECso, ECoy), concertation efficacy of three drugs
(Inhibition activity): half maximal viable concentration (ECsp) may be a degree of the
concentration of a medicate, counter-acting agent (e.g., antibodies), or toxicant
that actuates a reaction midway  (halfway) between  the pattern and the  most
outstanding value after an indicated introduction time, saying it differently, ECsy can

28



be specified as the concentration needed to obtain a 50% drug-effect. In our case, all
three antiviral drugs are expected to exhibit these properties, as we aim to achieve EC90
or EC99, or in some cases, [C99, which represents the maximum inhibition potential.

PEC;, = — logw(ECm)(l)

There is a comprehensive range of EC50 values in formula (1) for drugs, which
are regularly found to vary from nM to mM. Thus, it is often more sensible to refer to
the logarithmically transformed pEC50 values rather than the ECs. The term "potency"
refers to the ECsy value. The lower the ECsg value, the lower the drug concentration
required to achieve 50% of the maximal effect, and the higher the potency. The EC)y
and ECyy concentrations correspond to 10% and 90% of the maximal response,
respectively.

However, viral replication must be stopped entirely; even 90% silencing or
‘breaking’ of replication is insufficient to achieve the therapeutic effect of antiviral
medication. Thus, so-called old drugs, such as ribavirin and tenofovir, are designed to
be administered for an extended period at relatively low concentrations to inhibit viral
replication in host cells. Ribavirin and Tenofovir are the antivirals for long-term drug
therapy for primary purposes. Still, the increased concentration for ten days of
prescribed treatment, such as favipiravir, can be either a reasonable risk for a cheap
and effective alternative or a ‘side-effect disaster’ for a chance to fight COVID-19, for
instance, or influenza. To make matters worse, the effective concentration (EC10,
EC50, EC90) measure was heavily criticised in 2003 due to its ‘vagueness’ [34-38,
51].

To support the idea of the vagueness of this measure methodology, a study on the
effectiveness of antivirals as individual agents and in combination was conducted in
Japan to demonstrate how E50 values vary across in vitro studies. The difference
between minimum and maximum values is, on average, 40 times [39-59]. Thus, the
EC10 and EC90 values also showed a wide range of ‘runaway’ values, indicating data
integrity issues. To sum up, to fight the viral replicase of fast-developing SARS-COV?2
(i.e., its intercellular spread), almost 100% silencing is required, and to gain this,
physicians prescribe either high drug doses within ten days on average with a particular
drug like T-705 (favipiravir) or a combination of medications like ribavirin with
corticosteroids (such as dexamethasone), or even 300mg tenofovir daily up to one week
period, yet not at critical phase of COVID-19 infection.

1.3 Lethal mutagenesis as a purpose

Almost all Nucleoside analogues increase the mutation rates so high that viral
replication machinery synthesised in ORF1ab gets disturbed so critically that either the
RNA subunits do not attach to RdRP-like Remdesivir does [44,56,95] or the direct
inhibition of RARP through coping with false RNA strands is blocked, just like our
discussed purine analogues: Favipiravir, Ribavirin, and Tenofovir [50-51,60-65]. A
clear and distinct correlation is evident in Figure 7.
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Figure 7 — The lethal mutagenesis characterisation for virus existence

Theoretical relationship between viral mutation rate and fecundity determining
extinction or survival. The plot illustrates the boundary between viral persistence and
extinction as a function of mutation rate (Ud) and maximum fecundity (Rmax). At low
mutation rates relative to reproductive capacity, viruses remain in the survival region
(grey area). When the mutation rate exceeds a threshold proportional to fecundity,
viruses enter the extinction region, where the accumulation of deleterious mutations
prevents them from sustaining replication. The figure illustrates a fundamental
principle of viral evolutionary dynamics, highlighting the error catastrophe as a
potential antiviral strategy. Since any virus, once it enters the host cytosol, contains
genetic information (mRNA), the high replication error rates play a critical role. Thus,
the threshold between extinction and survival is fine. As proofreading is crucial for
viral survival, it is also vital for pharmacology to target the viral replicating machinery
in a host cell.

To ensure viral extinction, we must have 100% inhibition [60-63,94-98]. As an
mRNA virus, COVID-19 can be combated with two primary methods: vaccination and
drug intervention. The antiviral drugs' mechanism of action is primarily RdRP
inhibition, which facilitates lethal mutagenesis during viral infection. When the viral
genomic RNA (gRNA) ingests itself in the host cell, it has relatively unstable single-
stranded positive genomic RNA that requires replicated as soon as possible to be able
to replicate new genomic RNA for structural protein synthesis and assembly;
furthermore, after replicating itself the ‘original’ genomic RNA craves to build the sub-
genomic RNAs (sgRNA) via transcription, these sg-RNAs (with caped mRNA, as in
eucaryotic cells) are essential for translation in expressing the structural proteins that
go to viral assembly as well as newly replicated RNA.

As a result, inhibiting or interfering with the viral replicase represents a
significant arsenal in antiviral therapy, allowing us to insert mutated or damaged gRNA
into the assembly process, thereby providing so-called extinction through a fatal error
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in the viral genome during and after replication [48, 50, 55,64]. As mentioned, ribavirin
was developed approximately 40 years ago and has demonstrated antiviral activity in
both human and animal cell lines. As a guanosine analogue, it binds to the host kinase
as ribavirin triphosphate and pairs with cytidine or uridine triphosphate. It mimics the
purine nucleobase, causing severe mutations during replication and inducing lethal
mutagenesis as an antiviral therapy, thereby reducing viral load rates [65-66, 88].

In 2019, a new influenza drug demonstrated the same RdRP-inhibitory
properties as ribavirin and showed promising results during the COVID-19 pandemic
[67-70]. Both drugs are nucleoside inhibitors. Unlike ribavirin, molnupiravir is a
pyrimidine analogue. It is worth noting that ribavirin is a more cost-effective, closely
monitored drug than molnupirovir, with similar effectiveness. Nevertheless, during the
pandemic crisis in 2003 and 2019, the treatment was combined either with other
medications or so-called adjuvants like interferons and corticosteroids to achieve
maximum outcomes from treatment, and ribavirin was a classic example of these
combination lines with acceptable survival as well as recovery rates among mild and
moderate patients with SARS and SARS-CoV-2 infection. [37-38,50-51].

Favipiravir is another effective nucleoside and nucleotide inhibitor with a proven
wide-spectrum activity against viruses that strongly rely on the RNA-dependent RNA
polymerase (RARP). In countries such as India and Japan, favipiravir demonstrated
high clinical effectiveness, relatively low cytotoxicity, and a low side-effect profile.
Along with ribavirin, it was primarily prescribed for mild to moderate patients with a
9-to 14-day history of inpatient background. [34-35]. Favipiravir also shows a good
response against host RNA-dependent replicase kinase, enabling it to act as an effective
lethal mutagenesis agent not only in SARS-CoV-2 populations but also against deadly
diseases such as Ebola, influenza, and rabies, which makes it an asset as an antiviral
medicine. Additionally, it is an effective drug against Influenza A and B, particularly
for prophylaxis and mild infections [34, 49, 71-74, 92].

Tenofovir is the most cytotoxic drug on our antiviral drug list (only 300mg oral
administration is allowed daily). It also belongs to the nucleoside inhibitor class,
targeting RARP, rendering viral DNA synthesis unviable and slowing viral virulence.
Initially, it was designed against HIV and Hepatitis B viral invasion [44,75,91,93-94].

As it was already mentioned, the immune system in humans is responsible for
the ‘overdefensive’ response to the viral invasion, causing massive tissue damage
depending on age group, causing severe pneumonia as the ‘final act’ of immunity —
the so-called ‘cytokinetic storm’, which probably was the main reason for lethal
outcomes during the Spanish influenza pandemic after WWI. All three antiviral drugs
are clinically prescribed for patients with mild to moderate viral infections, reducing
viral load through lethal mutagenesis and enabling viral extinction. In severe cases,
doctors mostly take steroids to calm the overreacted immune response that could be
lethal if it is not stopped, and here comes corticosteroids in combination with antiviral
therapies, like ribavirin, already in 2003. The antiviral effect was so practical that the
WHO (World Health Organisation) recommends dexamethasone as an additional, safe
medication for treating COVID-19 infections in patients with mild to moderate
symptoms [57, 76].
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The bone infarct is mainly caused by the chronic appearance of immune
suppression, as well as during other health-destructive patterns like alcohol misuse and
chronic smoking. The dose risk primarily begins with 500mg of corticosteroids
administered daily for 1-3 months [57]. The WHO recommends using 15-20 mg a day
in mild stages of infection as an auxiliary therapy option. Nevertheless, what happens
with severe cases is still not clear, and everything is highly individual, and intense
steroid therapy was inevitable to fight progressing pneumonia and other signs of acute
COVID-19 complications [57].

Figure 8 shows the severe side effects of extensive corticosteroid use. To
conclude, lethal mutagenesis must occur within the NSP12 machinery, responsible for
synthesising the viral genome and the subgenomic viral RNA, thereby completing the
viral life cycle within the host cell. A localised region of punctate calcification is
present, raising the possibility of enchondroma rather than infarction. The right-sided
image further illustrates a focal lesion with multiple calcific spots in continuity with
trabecular bone, again favouring enchondroma over bone infarct. In the lower panel,
the lateral radiograph of the knee reveals a subtle punctate calcification pattern within
a metaphyseal lesion, accompanied by disturbed trabecular architecture. This lesion
may represent an enchondroma or bone infarct, though the punctate calcifications
favour enchondroma. Additional findings include sclerosis and a serpiginous border
consistent with infarct-like changes. In the lower right image, a lobulated calcified area
1s observed in the distal femur, representing a chondroid lesion with enchondromatous
features.
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Figure 8 — The bone infarct x-ray image taken from a patient with an immune-
mediated medical background [57]

The radiographs demonstrate characteristic patterns of dystrophic calcification
and punctate sclerosis in bone lesions. In the upper panel, the lateral x-ray of the
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calcaneus shows a serpiginous calcification pattern, suggestive of bone infarcts, but
with discrete punctate calcifications that are more typical of enchondroma.

1.4 Influenza virus and antivirals against it

Influenza virus-like SARS-CoV-2 is a low viral load-driven infection pathogen
that requires relatively low PFU/mL to initiate disease, commonly referred to as a viral
‘cold’. The strain naming of SARS-CoV-2 depends on the occurrence of spike-protein
mutations, just as with the Influenza A virus [58-59]. No matter how rapidly SARS-
CoV-2 and Influenza A viruses can mutate and adapt, they rely heavily on surface
proteins throughout their life cycles and pathogenesis. Thus, developing vaccines
against them is feasible. There are four types of influenza viruses — A, B, C, and D —
which differ in nucleoproteins and matrix proteins based on their antigenic differences
[59-61]. Influenza A virus A (IAV) causes respiratory illnesses. These unpredictable
pathogens pose a threat to human and animal health through continuous evolution,
antigenic drift, and shifts. The natural reservoir of [AV is aquatic wild birds, from
which it can move to other terrestrial hosts, including terrestrial birds and mammals
[61-63].

Influenza A, B, and C belong to the family Orthomyxoviridae, which comprises
small viruses. The coronavirus family has a negative-sense, segmented RNA genome
with continuous and stepwise activation during the infection period, which lasts up to
72 hours. Still, antiviral therapy is only effective within the first 48 hours, as it
suppresses viral replication and reduces viral load, thereby enhancing both innate and
adaptive immunity. Their primary characterisation is based on the classification of
main surface glycoproteins, specifically HA (hemagglutinin) and NA (neuraminidase).
[61-63]. Influenza viruses use standard terminology, like any other widespread viruses,
including the virus types (A and B). The species from which it was isolated (if it does
not belong to humans, for example, pigs or birds); the place where it was isolated
(express PCR is required for identification - diagnosis of influenza infection); isolate
number; year of isolation; and only for influenza A virus subtypes HA and NA. It is
worth mentioning that by now, only 16 for HA and 9 for NA subtypes (variations) in
every season circulating influenza A were found, among which only 3 HA (H1, H2,
and H3) and only 2NA (N1 and N2) subtypes (mutated variations) have caused human
epidemics, as confirmed by sustained, widespread, human-to-human transmission [63].

Thus, A/Kazakhstan, Almaty/2125/2024 (H3N2)- an example of a viral strain
isolated this year in Kazakhstan — is profoundly concerning. The same pattern can be
observed in SARS-CoV-2 virus strains, which exhibit multiple and varied mutations
of the so-called ‘sugar coat’ on the Spike protein, facilitated by mutated Spike protein
strains such as Gamma, Delta, Lambda, Mu, and Omicron. Since spike proteins enable
the SARS-CoV-2 virus, or rather a virion produced from infected host cells like those
in the respiratory tract, to evade the innate immune system, spike protein mutations
provide various features, including higher virulence, more effective and robust vital
enzymes, and their supporting segments, such as NSP9 in RNA-dependent RNA
polymerase. Still, one glycoprotein segment remains unchanged in all variants of
concern — the D416G mutation [58].
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Overall, the Influenza A virus and SARS-CoV-2 Virus, as companions,
represent a severe threat to immune-compromised individuals and pose continuous
challenges for physicians and pharmacists to find optimal, effective treatment
strategies, thereby minimising the post-COVID-19/influenza effect or period on
patients and relatively healthy individuals. To make things worse, influenza A virus
diagnostics are not as rapid or seriously taken as SARS-CoV-2 diagnostics in a cohort
of treating doctors or among infected patients. Regarding Influenza A treatment, an
infected person must take an antiviral drug, such as oseltamivir, as soon as possible,
ideally within 48 hours of the first signs of illness, to ensure effective treatment and
prevent further complications. The same applies to COVID-19.

Last but not least, the influenza A virus has a significantly smaller viral genome
than SARS-CoV-2; still, SARS-CoV-2 can replicate relatively quickly and effectively,
evading and silencing the antiviral mechanisms common to all viral replication
machinery. Most viruses do not change unless environmental, mental, or immune
factors stress them. Therefore, it is relatively easy for our immune system to recognise
them from one year to the next.

However, the Influenza virus A or B is different. The virus's surface changes
with each generation, altering the glycoproteins (HA and NA) and rendering previously
matured Antibodies, mostly IgGs, ineffective. Each year, the influenza virus undergoes
mutations, which ensure genetic variability within its viral RNA or genome. This
process occurs gradually, altering the glycoproteins on the viral surface and leading to
a gradual antigenic shift within the influenza genome—a phenomenon known as step-
ahead mutations in antigen-antibody interactions [58, 59].

Nevertheless, these changes are primarily seasonal effects that depend on
weakened population immunity, and only relatively minor alterations in glycoproteins
are required to infect or reinfect the target host cell. The more deadly changes occur
when an interspecific sustained antigenic shift occurs. Viruses are highly selective
invaders; some attach birds’ lung cells only and ignore human lung cells; however, if
a bird population is located among other species like mammals and birds- the virus
adapts to, for instance, the pigs’ lungs and is capable of invading humans thanks to
surface proteins matching or rather multiple matching properties of two glycoproteins
(HA and NA). The hybrid set of surface proteins of the avian influenza virus, capable
of penetrating both target cells of birds and target cells of pigs, poses a much more
severe threat to humans than the "native" influenza virus because of antigenic drift that
gets all complete changes or mutation variations of keys (HA and NA) at ones without
gradual adaptation period, resulting a rapid and an unhindered spreading of new
influenza virus in the host cells experiencing only innate and an unspecified immunity
reaction that can lead to severe damage or life-threatening conditions, such as
‘cytokinetic shock’ or overwhelming uncontrolled viral load that also could cause
‘septic shock’ within few days after the incubation period.

In addition, most infected patients died from secondary bacterial infections. The
deadliest registered pandemic was caused by this virus in 1918, killing over 400.000
people worldwide. Since antibiotics were not yet invented, most patients died from
secondary bacterial infections that spread when the Influenza virus weakened the
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innate immune system [64-66]. It is also known that Coronaviruses came into contact
with humans, as with influenza, through wild birds; however, SARS-CoV-2 originated
in wild bats, which likely underwent antigenic shift interactions with the human
immune system. To summarise, influenza viruses rely heavily on two glycosylated
membrane proteins, just as SARS-CoV-2 does.

The COVID-19 outbreak revitalised research into antiviral drugs and the
treatment of seasonal viral infections, such as influenza A, B, and SARS (severe acute
respiratory syndrome). This is not a single disease but a group of diseases caused by
different viruses that share similar symptoms and courses. SARS is often mistaken for
a simple cold and is generally considered harmless, especially in adults. However, the
virus can cause serious complications, so there is no need to self-medicate. The cause
of SARS can be any virus from a large group that includes more than 200 pathogens.
These include adenoviruses, rhinoviruses, coronaviruses (of varying degrees of
danger), parainfluenza viruses, and other microorganisms. Influenza’s antivirals are the
newest antiviral drugs and possess not only protease-inhibitory properties but also
generally inhibit the viral replication machinery through direct RNA chain termination,
with nucleotide substitutions that correlate with drug concentration (CE) and drug
cytotoxicity (CC), respectively. Favipiravir, as Fabiflu tablets, enables scientists
worldwide to gain insight into COVID-19 treatment, despite

Favipiravir (T-705) is primarily designed in Japan to combat Influenza A and B
viral infections [49,64]. In addition, anti-flu drugs are among the most recent
developments in antiviral medicine production, research, and development, closely
related to SARS-CoV-2 infection. Thus, it makes sense to discuss so-called Influenza
Antiviral drugs. M2-ion channel inhibitors block the M2 channel, thereby restricting
the passage of protons (H+) required to trigger the release of viral genes (VRNA) into
the host cell. Amantadine and Rimantadine are also prescribed by doctors worldwide,
even for people with COVID-19 manifestations [65-73]. Another class of anti-
influenza drugs is endonuclease inhibitors [65]. The best-known drug of this kind is
Baloxavir, whose primary purpose is to selectively inhibit the cap-dependent
endonuclease, a highly significant enzyme involved in the initiation of influenza virus
mRNA synthesis. The Baloxavir intervention prevents viral gene transcription and,
therefore, viral replication in the host nucleus and cytoplasm.

As we can see, unlike SARS-CoV-2, influenza virus replication is strongly
dependent on nuclear ribosomal interactions. The last class of anti-influenza drugs
is the neuraminidase inhibitors. The active agents of this drug class inhibit the viral
neuraminidase enzyme, which is located on the viral particle's surface. In the absence
of intact neuraminidase, the virus loses its ability to cleave sialic acid and its ability to
escape the cell. Almost the same process has the SARS-CoV-2 virus, which heavily
relies on the Spike-glycoprotein that also cleaves on the surface membrane, but to the
ACE2-protein, to enter the host cytoplasm and thanks to complicated NSP interactions
and forming DMVs (double membrane vesicle), a safe place to assemble the viral
components like newly synthesised genome packed with nucleocapsid protein viral
RNA. Thus, unlike the Influenza virus, the SARS-CoV-2 virus can quickly exit a host
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cell as a ‘safe’ embedded vesicle, carrying all the necessary components to initiate viral
infection.

The drugs in the neuraminidase inhibitor class are Oseltamivir, Peramivir, and
Zanamivir. To sum up, the Anti-Influenza drugs have three courses of antiviral
activity: a) M2-ion channel inhibitors, b) endonuclease inhibitors, and c)
neuraminidase inhibitors. The antiviral drugs amantadine and rimantadine are M2-ion
channel inhibitors; however, new strains of seasonal Influenza A virus have begun to
develop resistance to these widely used antivirals [70-72].

Amantadine (adamantane-1-amine) is primarily designed to combat Influenza A
virus infection due to its ability to interfere with the viral M2 protein, the ion pore
channel, thereby hindering viral replication in both mRNA synthesis and vRNA [71-
73]. Rimantadine (o—methyl-1-adamantane methylamine hydrochloride) is as
effective as amantadine, relatively safe, and an M2 inhibitor. It was primarily designed
in the 1980s to combat the spread of influenza A virus infection [70]. Figure 9
illustrates the entire interfering mechanism of the M2-ion channel on the viral
membrane.

In addition, amantadine has anti-inflammatory features that are already being
used against virus infections like Hepatitis C in a combination of Ribavirin and
synthesised interferon [74], even though seasonally occurring Influenza A and B
viruses in western countries like the USA started to develop resistance towards M2-
Protein inhibition, mainly, against amantadine as well as rimantadine [75]. In
Kazakhstan and other post-Soviet countries, neither studies nor data are conducted or
collected on trends in viral resistance. Still, amantadine and rimantadine are
inexpensive and effective antivirals against clinical manifestations of the flu
(symptoms). They can also be used in conjunction with practical and affordable
medication strategies against other viral infections whose replication machinery relies
on acidification processes. The author may claim that these M2-ion inhibitors would
show high efficacy in Kazakh populations due to lower antiviral drug pressure for at
least a decade [76].

When SARS-CoV-2 reached pandemic scale, physicians and researchers
worldwide began to utilise and study the so-called ‘time-proven’ antiviral drug arsenal,
among which amantadine and rimantadine were explored as strategies to stop viral
spread within individuals and populations. Since the M2-or Matrix 2 protein is a
surface protein, the SARS-CoV-2 Spike protein could be inhibited by administering
the M2-surface protein with the help of amantadine.

Firstly, amantadine is expected to have an antiviral effect on SARS-CoV-2
Replication by blocking a 5-a-helix channel, also known as the “viroporin channel,” in
the hydrophobic region of the intramembrane space of COVID-19 [94,98].

Secondly, some assumptions (hypotheses) suggest that amantadine can
downregulate and inhibit the dysfunctional state of cathepsin L (CTSL) and other
lysosomal enzymes. These two mechanisms have been proposed as potentially
significant in interfering with and hindering the SARS-CoV-2 virus's ability to enter
target cells and facilitate virus replication [77]. Amantadine and rimantadine were
studied in vitro on Vero E6 cells, yielding remarkable results. Both amantadine and

36



rimantadine, as well as the combinations of redeliver + amantadine, redeliver +
rimantadine, and rimantadine alone, inhibited SARS-CoV-2 infection, primarily at the
viral level following in vitro infection [78]. To sum up, M2-Ion inhibitors were in
active use in Western countries to combat not only seasonal outbreaks of Influenza
type A and B viruses but also as an additional treatment against other viral infections,
such as Hepatitis C. Furthermore, since the emergence of COVID-19, they have also
been used against SARS-CoV-2. The viral interiors of Influenza A and B and SARS-
COV?2 are relatively similar; the RNP machinery of replication activation resembles,
to some extent, the nucleocapsid protein functions of SARS-COV2-virus that hold
together the 30K nucleotides long RNA genome. According to some studies, M2-ion
channel inhibitors are primarily potent against Influenza A and show only partial
antiviral activity against Influenza B. Thus, the primary purpose of antivirals remains
largely ineffective; viral replication can tolerate even 90% of the damage caused by
antivirals, a phenomenon that has been consistently confirmed since the 1980s [71-77].

Ribavirin inhibits Influenza A through multiple mechanisms, including the
inhibition of viral RNA Synthesis. Ribavirin mimics guanosine, thereby disrupting the
function of viral RNA polymerase. Causes Lethal Mutagenesis. Introduces mutations
into viral RNA, thereby reducing the virus's viability. Inhibits Host IMPDH Enzyme.
Lowers GTP levels, impairing viral replication. Efficacy against Influenza A: In Vitro
& Animal Studies: shows inhibition of Influenza A replication. Clinical Studies: Some
early studies suggested modest benefits in severe cases. Not as effective as
neuraminidase inhibitors (e.g., oseltamivir, zanamivir).

Resistance & Limitations: high doses required — Increased risk of hemolytic
anaemia. Narrow therapeutic index (toxic at high doses). Not widely recommended for
standard Influenza A treatment. Current role in influenza treatment. Not first-line
therapy for Influenza A due to better alternatives (oseltamivir, peramivir, Baloxavir).
Toxicity concerns. Possible use in severe cases or resistant strains, but limited clinical
evidence. While Ribavirin has in vitro activity against Influenza A, its clinical use is
limited due to toxicity, lower efficacy compared to standard treatments, and availability
of safer alternatives. Neuraminidase inhibitors (oseltamivir, zanamivir) and cap-
dependent endonuclease inhibitors (Baloxavir) remain the preferred treatments for
Influenza A. In Figure 9, we can see the precise mechanisms underlying the inhibition
of Influenza A replication. Although it possesses broad-spectrum antiviral activity,
Ribavirin faces several significant challenges as an anti-influenza drug, limiting its
clinical utility. Like other influenza antivirals, Ribavirin must be administered early in
the course of infection.

However, its pharmacokinetics and practical administration challenges often
delay treatment, reducing efficacy. Teratogenicity: Ribavirin is contraindicated in
pregnancy due to risks of birth defects, restricting its use in a high-risk population
(pregnant individuals) [41-42]. Broad-Spectrum Mechanism: As a nucleoside
analogue, it interferes with host RNA synthesis, resulting in cytotoxicity and side
effects such as fatigue, nausea, and liver toxicity. Ribavirin’s toxicity profile, uncertain
clinical efficacy, complex administration, and the availability of safer, more effective
alternatives render it a suboptimal choice for influenza treatment. Its use is generally
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reserved for severe cases where benefits outweigh risks, often in combination therapies
or research settings. Ribavirin could inhibit the SARS-CoV2 replication. Most SARS-
CoV-2 variants, including Alpha, evolved due to natural selection pressures, not
ribavirin-induced mutagenesis.

The M2-M1 Proteins' activity enables viral RNA to enter the cell cytosol. The
importance of acidification by the M2 protein is paramount. The highly viral genome
replication begins with M2-acidic activation, without which neither infection nor
further viral genome replication is possible. Thus, for many decades M2-inhibitor like
amantadine and rimantadine, which block/bind directly to the pores of the M2 protein
channel and prevent the replication of the viral genome - while RNP is transported to
the target nucleus (lung cells), viral RNA and mRNA-mRNA are produced [79], and
then the main proteins of the viral membrane: HA, NA, and M2 are translated from the
replicated viral mRNA and carefully inserted into the endoplasmic reticulum (ER).
Then, the Golgi trans network (TGN) is transported to the cell surface, and the virus's
life cycle is completed. Endonuclease inhibitors would significantly inhibit SARS-
CoV-2 Ribosome cleavage and docking at the primary stages of nucleotide production.
Additionally, it can hinder the docking of subgenomic RNA on host ribosomes that are
capable of producing the structural protein of the SARS-CoV-2 virus.

Early endosomal pH-6

Amantadine _ m

and rimantadine l “
block Mz
ion channel

M2 ion channel
acidification
(z 2 steps)

Viral interior
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electrostatic interaction
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Late endosomal pH-5

Figure 9 — The general scheme of the typical anti-influenza drug
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Baloxavir i1s a prodrug of Baloxavir marboxil, a source of bioactive Baloxavir
acid that inhibits the cap-dependent endonuclease, which is crucial for the synthesis of
viral mRNA and, subsequently, for viral replication [80-84]. The RNA-dependent
RNA polymerase in influenza A and B is called the viral ribonucleoprotein complex
[84-85]. These complexes replicate both viral mRNA to produce the necessary proteins
and the viral genome for virions. The RNA-dependent RNA polymerase of influenza
A and B consists of three unique functional subunits: the acid polymerase protein (PA),
the main protein of polymerase 1 (PB1), and the main protein of polymerase 2 (PB2)
[86]. The protease activity must be triggered quickly and accurately to bind the 5'-
mRNA capsule, initiating viral mRNA replication and facilitating translation of viral
nucleoproteins. Interestingly, the host mRNA mechanism is actively involved; viral
RNA has only primers to initiate viral mRNA replication, which, in turn, is translated
into proteins for further structural purposes.

Thus, nucleoside analogues can also have a significantly negative impact on viral
genome fitness, causing fatal errors that disable Influenza A and B from replicating the
mature RNA. Their combination with Baloxavir exhibits pharmacokinetic and
bioactive (diphosphate and triphosphate) inhibitory activity. Baloxavir is a potent drug
against Influenza A and B viruses, with low cytotoxicity and no drug resistance
reported by 2024 [85]. In addition, it is typically prescribed for infants under 12 and
has minimal side effects, making it a potential preventive measure against seasonal
influenza A and B strains. Prevention makes sense because, in general, antiviral drugs
are effective within the first 48 hours as potent agents to stop the initial viral spread of
influenza A and B viruses, and Baloxavir is no exception.

The administration of antiviral drugs must be closely monitored to prevent the
development of persistent drug resistance among circulating viral infection variants
annually [87-89]. Baloxavir and Favipiravir are novel antiviral drugs and the safest
ones in in vitro and clinical studies. Favipiravir can also inhibit the polymerase
essential protein 1 in the influenza RARP complex [88-90]. Unlike the flu, SARS-CoV-
2 has a duration of about 7-10 days before antiviral drugs become effective. The new
Fabiflu 400mg tablets, along with Baloxavir 40mg and 80mg, represent an effective
combination against seasonal Influenza A and B, as well as the SARS-CoV-2 virus
variant of concern, particularly for children and individuals with compromised
immunity.

Finally, the last group of Influenza antiviral drugs targets the most fundamental
enzyme of Influenza A and B — the neuraminidase, located on the surface of viral
particles [91]. Inhibition of this enzyme is paramount for combating the spread of the
flu virus, whether it is influenza A or B. In sharp contrast to M2-Ion channel inhibitors,
the neuraminidase inhibitor oseltamivir is potent at stopping the spread of viral
infections caused by Influenza types A and B. The type B virus lacks an M2 Protein,
and drugs such as amantadine or rimantadine have no clinical effect in patients with an
Influenza B virus infection [91-92].

Neuraminidase inhibition occurs during the terminal stage of virion assembly
within the host cell; without the active neuraminidase enzyme, the newly produced
virus cannot cleave sialic acid and, therefore, cannot escape from the infected host cell
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in the respiratory tract [92-94]. Oseltamivir is an antiviral agent. It is a prodrug whose
active metabolite, oseltamivir carboxylate, selectively inhibits the neuraminidase of
influenza virus types A and B. Neuraminidase is a glycoprotein that catalyses the
cleavage of the bond between the terminal sialic acid and sugar, thereby facilitating the
spread of the virus in the respiratory tract.

This process involves the release of virions from an infected cell and their
penetration into the epithelial cells of the respiratory tract, thereby preventing
inactivation by epithelial mucus. Oseltamivir carboxylate acts outside cells and
competitively inhibits viral neuraminidase. It suppresses the growth of the influenza
virus in vitro and inhibits its replication and pathogenicity in vivo. Reduces the release
of influenza A and B viruses from the body [90]. According to recent studies,
oseltamivir shows its maximum clinical effect within 36 hours during the 48-hour
infection period and significantly reduces symptomatic signs when administered on
time [59-89].

To sum up, oseltamivir 75mg can be used as a prevention medication as much
as Baloxavir 40mg during the seasonal influenza outbreak. Both drugs are safe and
effective against Influenza A and B types and can be used among vaccinated and
immunocompromised individuals during the so-called flu season. Baloxavir exhibits
relatively low antiviral resistance, with a resistance rate of only 1%, while oseltamivir
has a resistance rate of 2%.

The combination treatment with Oseltamivir, an Antiviral drug, as an additional
(complementary) agent, along with Ribavirin (1200 mg daily) [124], showed a
relatively high therapeutic effect in clinical trials involving COVID-19-positive
patients in mild and severe stages of disease progression, significantly increasing
recovery and survival rates among patients [92]. Numerous studies in China during
the pandemic have shown that three antiviral drugs — remdesivir (a nucleoside
analogue), oseltamivir, and zanamivir (a neuraminidase inhibitor) — exhibit higher
binding energies with the ACE2 Receptor after molecular docking.

Thus, the sialic acid enzyme inactivation activities interfere with the SARS-
CoV2 entry by silencing the ACE2 receptor on the host cell membrane [92-93]. It is
also worth noting that oseltamivir can regulate the migration and activation of
neutrophil immune cells, significantly reducing the risk of sepsis and other neutrophil-
related cell damage during COVID-19 progression in both humans and mice, via ROS
production in target cells [95].

Overall, the neuraminidase inhibitor oseltamivir exhibits broad-spectrum
antiviral activity, particularly during seasonal outbreaks of Influenza A and B, as a
preventive therapy, and in cellular immune responses during both mild and severe
stages of COVID-19. The oseltamivir carboxylate outside the cell acts as an
immunoglobulin, significantly hindering the further spread of the virus without
triggering an additional immune response and without compromising the secondary or
active immunity functions. Additionally, the antiviral drug oseltamivir has a relatively
low rate of viral resistance—approximately 2% —and in Kazakhstan, this rate may be
even lower. Generally speaking, all Influenza antivirals make great medication backup
strategies for clinicians because the discussed drug types, in most cases, are safe and
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primarily treat Influenza A and B, whose incubation period or efficacy threshold or
anti-viral effective window is potent in the first 48 hours, whereas SARS-CoV?2 has 7-
10days to be treated effectively by anti-viral active drugs with various combination
options.

The SARS-CoV-2 treatment combination with oseltamivir can, in some cases,
replace the dantrolene adjustment in severe COVID-19 patients in intensive care units
(ICUs). 10/22/2020 The U.S. Food and Drug Administration (FDA) has approved the
antiviral drug Remdesivir for use in adults and children 12 years of age and older who
weigh at least 40 kg (approximately 88 pounds) to treat COVID-19 that requires
hospitalisation. According to the FDA, Remdesivir should only be administered in a
hospital or health care setting that can provide emergency care comparable to inpatient
hospital care. Remdesivir is the first COVID-19 treatment to receive FDA approval
[94]. Remdesivir can be efficiently metabolised to active nucleoside triphosphate in
several human cell lines [96]. In vitro studies have demonstrated that the nucleoside
triphosphate functions as an incorporation competitor for adenosine triphosphate,
confusing the viral RARP and acting as a delayed RNA chain terminator against the
Ebola virus [97,98].

This mechanism evades viral exoribonuclease testing and reduces viral RNA
synthesis. Recently, remdesivir has been shown to exhibit antiviral activity following
viral entry in Vero E6 cells, supporting its mechanism of action as a nucleotide
analogue [99]. The relevance of antigenic shift between Influenza A and SARS-CoV-
2 lies in understanding their distinct evolutionary mechanisms, pandemic potential, and
implications for public health strategies. To sum up, Influenza antivirals tend to act on
SARS-CoV-2 in the same way as they do against Influenza A or B. This drug category
is of particular interest because it can act quickly and cause less cytotoxicity.

In addition, their antiviral effects are better understood, and their increases in
drug concentration are less hazardous than those of Ribavirin or Tenvir. So, putting it
all together, the special aspects are their targeted approach to specific viral
mechanisms, the need for precision to avoid host toxicity, dealing with rapid viral
mutation and resistance, often narrow spectrum, critical timing in administration, use
in combinations, and the complexity in developing drugs that can effectively interrupt
viral processes without harming the host. Antivirals are specialised tools requiring
precise targeting, strategic use to combat resistance, and tailored development for each
virus, reflecting their complex interplay with host biology.

1.5  Cell viability and antiviral assay — MTT and CCKS8 methods

The MTT assay protocol is based on the conversion of water-soluble MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) compound to an
insoluble formazan product. NB: MTT is also a free molecule as ab146345 (Thiazolyl
blue tetrazolium bromide). Viable cells with active metabolism convert MTT into
formazan. Dead cells lose this ability and, therefore, show no signal. Thus, colour
formation is a valuable and convenient marker of only viable cells. The absorbance at
590 nm (OD) is directly proportional to the number of viable cells. The MTT assay
measures the metabolic activity of the cells being analysed; the more significant the
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metabolic activity in the sample, the higher the signal. This should be taken into
account when interpreting the assay's results. Reagent Preparation: Briefly centrifuge
small vials at low speed before opening [104].

Dojindo’s highly water-soluble tetrazolium salt, WST-8, is reduced by cell
dehydrogenase activities to form a yellow-coloured formazan dye soluble in tissue
culture media. The amount of formazan dye generated by dehydrogenase activity in
cells is directly proportional to the number of living cells.

Cell Counting Kit-8 (CCK-8) enables sensitive colourimetric assays to
determine cell viability in cell proliferation and cytotoxicity studies. Dojindo’s highly
water-soluble tetrazolium salt, WST-8, is reduced by cell dehydrogenase activities to
form a yellow-coloured formazan dye soluble in tissue culture media. The amount of
formazan dye generated by dehydrogenase activity in cells is directly proportional to
the number of living cells. The detection sensitivity of CCK-8 is higher than that of
other tetrazolium salts, such as MTT, XTT, MTS, or WST-1 [100].

It was advantageous because the cell viability results could be delivered on the
same day. The main principles of the CCKS8 assay are depicted in Figures 10 and 11.
In addition, the UV-spectrometer enabled the team to take numerous vital
measurements in support of the thesis aim, allowing them to determine CE and Cell
viability more quickly, especially with CCK8 Kits in BSL4 labs, where the SARS-
CoV-2 virus had to be kept intact.

Cytotoxicity (antiviral drugs).

The cell-killing property of an RNA-dependent RNA polymerase inhibitor
(Nucleotide or Nucleoside), independent of the mechanism of cell death, is called
cytotoxicity. Establishing that an inhibitor's activity occurs at concentrations that do
not cause cytotoxicity is a critical component of demonstrating that the measured
antiviral effect is virus-specific. It serves as a cornerstone in selecting a potential drug
candidate for further development. The cytotoxic effect of an inhibitor can be
determined by calculating the median 50% cytotoxic concentration (CC50), defined as
the concentration of the test inhibitor that results in a 50% reduction in cell viability.
Inhibitors that act in the middle of the cycle may affect one or more of the many
processes involved in viral replication. For example, the polymerase inhibitor T-705
inhibits viral replication when added to viral cultures within 6 hours of infection [93].
Once cell viability is ensured, we can use various drug concentrations, considering the
viral load (measured in MOI) and, as shown in Figure 12, Favipiravir’s ECso, which
depends on intact viral particles.
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Figure 10 — Example of the Effect of MOI 0.001, 0.01, and 0.1 on the EC50 of T-
705 or Favipiravir

The dose-response curves illustrate the compound's inhibitory effect on viral
replication at different multiplicities of infection (MOI). Per cent inhibition is plotted
against inhibitor concentration on a logarithmic scale, with ECso values derived from
sigmoidal curve fitting. At a low MOI of 0.001, the compound exhibits high potency
(ECso =0.2 uM); however, at an MOI of 0.01, potency decreases to 0.6 uM (ECso).

At the highest tested MOI of 0.1, inhibition is not achieved within the tested
concentration range, with an ECso value exceeding 100 uM. These findings indicate
that antiviral efficacy is strongly influenced by viral input, with higher infection loads
diminishing the apparent potency of the inhibitor. [92-93]. In Figure 10, it is evident
that the explicit dependence of MOI on EC50 increases. The percentage of inhibition
reaches 50% at MOIs of 0.001 and 0.01, respectively, within relatively comparable
value ranges, namely 0.2-0.6 uM. Still, when MOI reaches 0.1, the drug concentration
reaches almost 100 uM, representing a more than 100-fold increase in EC50. 1Cq is
the inhibitor concentration required to stop viral replication; it is typically 100 times
more than the ECsy,

The relationship between inhibitor concentration (nM) and the percentage of
inhibition at three multiplicities of infection (MOI): 0.001, 0.01, and 0.1. It also
includes a table summarising each MOI's ECsy value (the effective concentration
required to achieve 50% inhibition). At MOI = 0.001, the curve rises steeply, reaching
50% inhibition at 200 nM (EC50 = 0.2 uM). This indicates high sensitivity to the
inhibitor at this level of infection. For MOI = 0.01, the curve shifts to the right,
requiring higher concentrations to reach the same effect.

The EC50 value is 600 nM (0.6 uM), showing reduced sensitivity compared to
MOI = 0.001. At MOI = 0.1, the curve flattens significantly, and even at high
concentrations (>100 pM), it does not reach 50% inhibition. The table lists ECs, for
this MOI as ">100 uM," indicating minimal effectiveness. In summary, the inhibitor's
efficacy decreases with increasing MOI, requiring higher concentrations for inhibition
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[101-104]. The inhibitor is highly potent at low MOI, but its effect diminishes
significantly at higher MOI.

MOI (Multiplicity of Infection), TCID50, PFU/mL, or IU/mL is related to EC50
(the concentration of a drug that causes a semi-maximal response). Using a four-
parameter regression method (a statistical technique for fitting a curve), mathematics
enables us to conduct experiments and translate their results into something
understandable, comparable, and meaningful. When converting TCID50/ml (tissue
culture infectious dose, the amount of virus required to kill 50% of the cells in the
culture) to PFU/ml (plaque-forming units, the number of viable virus particles), we
multiply by 0.7. Typically, we terminate the PCR (polymerase chain reaction) after
approximately 40 cycles (Figure 11).

The image (Figure 11) illustrates the concept of the multiplicity of infection
(MOI), specifically an MOI of 10. It visually represents the ratio of viral particles to
target cells, showing that 10 million viruses are used to infect 1 million cells, meaning
each cell is exposed to an average of 10 viral particles. The MOI value reflects the
infection intensity in an experimental setup; higher MOI levels typically ensure that
most cells become infected simultaneously. This approach is commonly used in
virology and cell culture experiments to study viral replication dynamics, cytopathic
effects, or antiviral responses under controlled infection conditions. The clear graphical
depiction effectively conveys the proportional relationship between virus and host cell
numbers, making it a valuable educational tool for explaining the kinetics of infection.

Multiplicity of Infection (MOI)
MOI of 10

10 viral particles infect, on averages, 1 cell.
Higher MOI = Greater Pathogenic Potential of SarsCoV-2

-

10 Million Viruses 1 Million Cells

MOI =

Virus Titer x Virus Volume
Total Cell Number

Figure 11 — MOI count, in our case, 0.2 mL or 200 uL of intact virus volume,
corresponding to an MOI of 2

The lower the MOI, the more sensitive the test for viral activity. If we have a
high MOI, the CC50 cannot be determined because CPE can kill all available cells, and
a higher antiviral concentration would be needed. For our purposes, it is not necessary
to concern ourselves with the number of viruses in a single cell.
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What we need to understand—and what the Poisson distribution helps us with—
are two key points: if some cells get more than one virus, others will not. For any given
MOI (the average number of viruses per cell), we can calculate the probability that a
cell is not infected with any virus, denoted P(0). P (0) is simplified and presented in
formula (2). Logically, if the proportion of cells that will not be infected is known,
subtract this value from 100%. What proportion of cells will be infected, regardless of
the number of viruses each infected cell receives?

P (0) = M1 (2)

Viral stock of MOI of 2
At an MOI of 2, without any experiment, we expect 86% of cells to become infected.
Using the formula (2), we gain:

P0)=eMOT=¢2=1/e*=1/2.71828"=1/7.389 =0.1353
(~14% of cells not infected)

By subtraction: 100% — 14% = 86% infected

Subsequently, if we examine MOIs lower than 1, we observe that, for instance, at an
MOI of 0.5, we achieve a 40% infection rate, and at an MOI of 0.1, we achieve a
10% infection rate.

Converting from TCID50 to IU
Since the MOI can ultimately be described in terms of infectious units, our P (0) = ¢
MOL can also be written as:

P (0) =e -1U/ml (3)

Re-arrange this equation from TCID50 to infectious units to determine the number of
contagious units when we know P (0). Remember that P (0) is the probability of not
being infected by formula three, and we get:

P (0) = e "™ becomes IU/ml = —In. P (0) (4)

Now consider our TCID50: the virus concentration at which there is a 50%
chance of infection. At the limiting dilution of our TCID50 assay, we have a 50%
chance of disease (i.e., a 50% chance of non-infection); therefore, P (0) = 0.5. Now,
substituting P (0) = 0.5 into the rearranged equation:

IU/ml = —In. (0.5)
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In. (0.5) =—-0.693

So, IU/ml = —(—0.693) = 0.693 (5)

This is often rounded to 0.7 for simplicity. Therefore, at a 50% infection rate, we
have approximately 0.7 infectious units (IU) per cell. Alternatively, 1 TCID50
corresponds to 0.7 IU. Hence, whenever we need to convert TCID50/ml values to
IU/ml, we multiply by 0.7. Therefore, it is always important to report the unit of
measure (TCID50 or IU), as this provides information on the amount of infectious virus
and the assay used to determine it.

The cell culture monolayer was infected with SARS-CoV-2 at a multiplicity of
infection (MOI) of 2, using the SARS-CoV-2/human/KAZ/B1.1/2021 and SARS-
CoV-2/human/KAZ/Britain/2021 strains, respectively, with an infectious titer of 7 logs
TCID50/ml. After one hour of virus contact with the cells at 37°C, the cell monolayer
was washed three times with phosphate-buffered saline (pH 7.2).

The studied drugs were applied to the infected cells at different concentrations
(experimental group) or in the maintenance medium (control group), and the plastic
panels were then placed in a CO2 incubator for 5 days. The antiviral effect of the drugs
was calculated as the ratio of the virus's infectious activity in the experimental and
control samples. All experiments were performed in triplicate. The main criteria for
assessing the in vitro effectiveness of the drugs were the following indicators [100]: a
decrease in the infectious titer of the virus under the influence of the drug (D, 1g), the
inhibition coefficient (Ci, %), and the chemotherapeutic index (CTI). The decrease in
the level of virus accumulation under the influence of the drug (D, Ig) was determined
by the formula:

D = Ak — Ao (6)

Where Ak is the level of virus accumulation during cultivation without the addition of
the studied drug to the nutrient medium (in lg TCID50/ml); Ao is the level of virus
accumulation during cultivation with the addition of the studied drug to the nutrient
medium (in Ig TCID50/ml). The formula calculated Ki:

Ki = (Ak — Ao)/Ak * 100% (7)

The MIC/IEC ratio was defined as the drug's CTI value, where IEC is the
minimum effective virus-inhibiting concentration that reduces the virus titer by at least
two log TCID50 [99].
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A continuous culture of Vero cells, highly sensitive to the SARS-CoV?2 virus,
was used to analyse the preparations' antiviral activity in vitro. The cells were cultured
in 24-well plastic plates using RPMI 199 medium and supplemented with 10% fetal
bovine serum and 100 U/ml gentamicin. The maintenance medium contained the same
mixture but with the addition of 1% fetal serum.

To evaluate the antiviral effect of any substance, it is necessary to determine the
CCso value, which is the concentration at which the substance kills 50% of cells. The
CC50 value 1s calculated mathematically, not visually, using the formula.

X, -50

X, X, ~(Mx2 —Mxl) ]Jer1

®

X

where - 1 more than 50 % of surviving cells;

- X2 ]ess than 50 % of surviving cells;
- Mx, concentration of substance where more than 50 % of cells survived;

- Mx; concentration of substance where less than 50 % of cells survived.

Cytotoxicity Assays (CCso, SI - Sl-evaluate drug toxicity in host cells) were
performed using this assay (formula 8). CCso (Cytotoxic Concentration 50%): The
concentration of the drug that causes 50% cell death. Selectivity Index (SI) = CCso /
ICso (higher SI indicates a better antiviral effect with lower toxicity). This evaluation
was conducted using two methods: in Kazakhstan, the CCK-8 method was employed,
and in China, the MTT assay was performed. Our antiviral drug assays were based on
potent antivirals characterised by low ICso values, high selectivity indices (SI), rapid
viral clearance, and improved patient survival. Toxic Drugs: low SI (high cytotoxicity).
Ineffective Drugs: No significant reduction in viral load or clinical improvement was
observed [103—104].

To determine the MOI (Multiplicity of Infection), you need both the number of
plaque-forming units (PFU) and the number of target cells. MOI is calculated as:

MOI=PFU / number of cells
Thus, if you have 4 x 10° PFU and 1 x 10° cells, the MOI would be 4

MOI (Multiplicity of Infection) from TCIDso/ml, you need two additional pieces
of information:

1. The number of target cells (e.g., cells per well or flask).

2. The volume of virus inoculum used (e.g., in millilitres).

MOl is calculated as:

MOI total infectious units/number of cells
Conversion Factor:
TCIDso is a statistical measure of viral titer.
1 TCIDso = 0.69 infectious units (derived from the Poisson distribution).
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Suppose you have:
1.2 x 10° TCIDso/ml viral stock,
1 x 105 cells,
1 ml of virus added.
1. Convert TCIDso to infectious units:
1.2x105 TCIDso/ml1x0.69=8.28x10* infectious units/ml1.2x10°TCIDso/m1x0.69
=8.28x10%nfectious units/ml
2. Total infectious units used:
8.28x10%* infectious units/mlx1 m1=8.28x104 infectious units

8.28%10%nfectious units/mlx 1ml=8.28x10*nfectious units
3. Calculate MOI:

MOI=8.28x10%/1x10°=0.828

Therefore 1.2 X10° TCIDs¢/ml ;s MOI of 1[101-108]

The number of cells being infected, and the volume used (in mL), to express
the PFU per mL. Step-by-Step Conversion

Suppose you are infecting:

1 % 108 cells (1 million cells)

In a volume of 1 mL

An MOI of 2, infecting 1 million cells in 1 mL, corresponds to 2 x 10°
PFU/mL. If your infection volume is different (e.g., 0.5 mL), the PFU/mL would be:
4 x 1076 PFU/mL. Always specify the cell count and volume for accurate

conversion.
Converting the average value of Ct into the MOI of RT-gPCR

Ct Value is the Cycle threshold —the PCR cycle at which fluorescence crosses
the detection threshold. The relationship is inversely proportional to the starting

nucleic acid quantity, as shown in Figure 12.
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Conversion Formula:

1. Calculate RNA Copies from Ct using the standard curve equation:

Ct—b

m

log;p(RNA copies) =

RNA copies = 1[)[__|)

m = Slope of standard curve (negative, typically -3.0 to -3.5).
b = Y-intercept from standard curve.

Example:

Ct =250,

m=—-34,

b=40

RNA copies = 10057 = 104 = 25,700 copies /Teaction
2. Adjust for Reaction Volume:

Total RNA volume (pL)

Reaction volume (pL)

Total RNA copies = RNA copies x

Example:
Total RNA volume = 50 pL,

Reaction volume = 5 L,

50
Total RNA copies = 25, 700 x % = 257,000

Figure 12 — Conversion formula for RNA copies from the average Ct-value

The figure outlines the procedure for converting qPCR cycle threshold (Ct)
values into RNA copy numbers using a standard curve equation and subsequent
adjustment for reaction volume. First, RNA copies are calculated by applying the
equation: where m is the slope of the standard curve (typically -3.0 to -3.5) and b is the
y-intercept. For example, with Ct = 25.0, m = —3.4, and b = 40, the calculation yields
approximately 25,700 RNA copies per reaction. In the second step, this value is
adjusted to account for the total RNA volume by multiplying by the ratio of the total
RNA volume to the reaction volume. Using an example with a total RNA volume of
50 puL and a reaction volume of 5 pL, the calculation yields approximately 257,000
RNA copies. This method enables the accurate quantification of RNA molecules in a
sample by utilising standard curve calibration and reaction scaling.

The presented scheme demonstrates a standardised approach for converting Ct
values obtained in qPCR assays into RNA copy numbers, ensuring quantitative
accuracy. The two-step procedure—first calculating RNA copies from the standard
curve and then adjusting for reaction volume—allows normalisation across
experiments and sample inputs. The example calculations illustrate how relatively
small differences in Ct values, when processed through the logarithmic transformation
of the standard curve, translate into significant differences in RNA copy number. This
emphasises both the sensitivity and the exponential nature of qPCR quantification. The
final adjustment for total RNA volume ensures that the reported copy numbers reflect
the sample's accurate molecular content, making the method suitable for inter-sample
comparisons and reproducible viral load assessments.
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Standard Curve relates Ct values to known template quantities (log-scale).
Generated RNA copies (Figure 13) using serial dilutions of standards. MOI is the
Ratio of infectious viral particles to target cells. Requires converting RNA copies to
infectious units via a virus-specific factor.

3. Calculate RNA Copies/Cell
Total RNA copies

Number of cells

RNA copies/cell =

Example:
100,000 cells,
287,000
= — =25
100,000
Convert to MOI using virus-specific conversion factor (k):

RNA copies/cell

RNA copies/cell
k

MOIL=

I = RNA capies per infectious unit (e.g., 1000 RNA copies = 1infectious unit + k = 1000).

Example:
k= 1000,

MOI = — =0.00257
1000

257
)

Figure 13 — The calculation formula of RNA copies per cell, and then converting it
into MOI [118]

A study of 72 patients (including critically ill individuals with RNAemia)
reported a median nasopharyngeal (NP) swab viral load of 6.98 logio copies/mL across
all patients; among those with RNAemia who were critically ill, the median NP viral
load was 5.4 logio copies/ul. (which equates to roughly 8.4 logio copies/mL),
significantly higher than in moderate-to-severe cases (2.6 logio copies/uL) and non-
survivors versus survivors (6.2 logio copies/uL vs. 3.9 logio copies/uL).

1.6 IL-33-Antiviral response cytokine (viral invasion imitator)

The newly described innate lymphoid cells of group 2 (ILC2) play crucial roles
in type 2 immune responses, epithelial repair in mucosal tissues, and metabolic
homeostasis. ILC2 releases large amounts of type 2 cytokines, including interleukin-4
(IL-4), IL-5, and IL-13, which stimulate type 2 immunity and protect against parasitic
worms. However, without strict regulation, the level of ILC2s can lead to undesirable
type 2 immune pathologies, including allergic inflammation of the respiratory tract,
respiratory hypersensitivity, and atopic dermatitis. Viral infections of the respiratory
tract, which are typical triggers of type 1 immune reactions, often lead to type 2
pulmonary immune pathologies, such as asthma and its exacerbations. Interestingly,
pulmonary viral infections induce IL-33 release, leading to subsequent ILC2-mediated

type 2 pulmonary immunopathology, independent of the adaptive immune system
[117].
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Interleukin-33 (IL-33) is a member of the IL-1 family of cytokines and plays a
crucial role in the immune response. It is involved in various biological processes,
including inflammation and tissue repair. Recent studies have highlighted its role in
enhancing antiviral immunity. [L-33 acts primarily through its receptor, ST2
(suppression of tumorigenicity 2), which is expressed on various immune cells,
including T cells, mast cells (CD117), and innate lymphoid cells. The activation of the
IL-33/ST2 axis leads to:1. Enhanced T Cell Response: IL-33 promotes the
differentiation of CD4+ T cells into Th2 cells, which can enhance the overall antiviral
response.2. Increased Cytokine Production: IL-33 stimulates the production of antiviral
cytokines such as IFN-y and IL-4, which are crucial for controlling viral infections.3.
Innate Immune Activation: It activates innate immune cells, including macrophages
and dendritic cells, enhancing their ability to detect and respond to viral pathogens.
Research has shown that IL-33 can significantly enhance antiviral responses in mice
by increasing viral clearance [117]. Mice treated with IL-33 exhibit faster clearance of
viral infections, such as influenza. Enhanced

Antibody Production: IL-33 promotes the generation of neutralising antibodies,
which are essential for long-term immunity against viruses. Regulation of Immune Cell
Recruitment: It influences the recruitment and activation of various immune cells to
the site of infection, enhancing the overall immune response—experimental Evidence.
Studies using mouse models have demonstrated that IL-33 treatment during viral
infections reduces viral load and improves survival. Knockout Models: Mice lacking
the 1L-33 receptor (ST2) exhibited impaired antiviral responses, underscoring the
importance of this pathway in mediating immune protection. I1L-33 plays a significant
role in enhancing antiviral immunity in mice. Its ability to activate various immune
pathways makes it a potential target for therapeutic interventions in viral infections.
Further research could explore its applications in vaccine development and treatment
strategies for viral diseases [117]. CD117, also known as ¢-KIT, is a receptor tyrosine
kinase that plays a vital role in the development and function of various cell types,
particularly hematopoietic stem cells, mast cells, and interstitial cells of Cajal. 1L-33,
as mentioned earlier, is a cytokine involved in immune responses, particularly in
promoting Th2-type responses. The interplay between CD117 and IL.-33 is significant,
particularly in immune modulation and inflammation. Role of CD1171.Mast Cell
Development: CDI117 1is crucial for mast cell survival, proliferation, and
differentiation, which play pivotal roles in allergic responses and inflammation [117].
Type 2 immunity is essential for immune defence against worm infections but can also
be triggered by respiratory viruses, such as respiratory syncytial virus, influenza virus,
and rhinoviruses [119-120].

This 1s surprising, as viral respiratory tract infections are potent inducers of
innate and adaptive type 1 immune responses. It is important to note that viral
respiratory infections are the leading cause of pathologies mediated by type 2
immunity, including bronchial asthma and its exacerbations [121]. All ILC groups
depend on the transcription factor 1d2 and the entire gamma chain of the IL-2 receptor.
Additionally, the transcription factors GATA3 and RORa are essential for the
development and function of ILC2 [122]. Group 2 innate lymphoid cells (ILC2) play a
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critical role in regulating type 2 immune responses, tissue repair, and metabolic
balance. They secrete cytokines such as IL-4, IL-5, and IL-13, which help defend
against parasitic infections but can also drive allergic disorders (e.g., asthma, atopic
dermatitis) if unregulated. Respiratory viral infections—though typically inducing type
1 immunity—can paradoxically trigger type 2 immunopathologies by activating ILC2s
via IL-33.

Although viral infections (e.g., influenza, RSV, rhinovirus) usually activate type
1 immunity, they can paradoxically induce type 2 immune responses that exacerbate
asthma and related respiratory diseases. The development and function of ILC2s
depend on transcription factors such as Id2, GATA3, and RORa, as well as the 1L-2
receptor y-chain, underscoring their tightly regulated nature in maintaining immune
balance.

1.7 Autoimmune Complications After Sinovac-CoronaVac COVID-19
Vaccination)

Vaccines are crucial for achieving collective immunity and are a powerful tool
in preventive medicine, as they activate the secondary or adaptive immune response.
Still, there are some groups of people for whom vaccination against SARS-CoV?2 can
be harmful and life-threatening. These patients (e.g., with Autoimmune disorders) are
more seriously compromised by immunisation than by complications from viral
infections [123]. On February 1, 2021, mass vaccination against COVID-19 began in
the Republic of Kazakhstan [123]. Vaccination protects against infectious agents
through the production of antibodies [123]. During the COVID-19 pandemic,
Kazakhstan utilised several vaccines: the combined vector vaccine Sputnik V (Russia),
inactivated vaccines SinoVac-CoronaVac (China), Sinopharm, QazVac (Kazakhstan),
and the RNA-based Pfizer/BioNTech (USA) vaccine [123-126].

SinoVac-CoronaVac, developed by Sinovac Biotech, is an inactivated COVID-
19 vaccine containing chemically inactivated SARS-CoV-2 grown on Vero cells.
These vaccines include aluminium hydroxide or similar adjuvants. The immune
response targets the SARS-CoV-2 spike protein, along with matrix, envelope, and
nucleoproteins [123-126]. In November 2021, a 32-year-old woman presented to her
general practitioner with symptoms including joint pain, morning stiffness, dry eyes,
dry mouth, weight loss, facial hyperpigmentation, and elevated blood pressure.

Symptoms began two weeks after the second dose of the SinoVac-CoronaVac
vaccine. A rheumatologist diagnosed her with rheumatoid arthritis. This case suggests
that COVID-19 vaccination with the SinoVac-CoronaVac vaccine activated the
immune system and acted as a trigger for the development of autoimmune overlap
syndrome. Recognising the potential for autoimmune complications enables better
post-vaccination patient monitoring and care. Treatment included corticosteroids, non-
steroidal anti-inflammatory drugs, and rituximab. The patient passed away in 2023
[123]. This case describes the development of an overlap syndrome, characterised by
rheumatoid arthritis and systemic lupus erythematosus (SLE), in a patient who received
the inactivated SinoVac-CoronaVac COVID-19 vaccine.
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The examination findings indicate autoimmune involvement triggered post-
vaccination. It is hypothesised that antibodies generated by the vaccine might have
cross-reacted with the patient’s cells, triggering an autoimmune overlap syndrome. A
clinical case described by Nurgaliyeva et al. (2024) details the development of a
complex autoimmune overlap syndrome in a previously healthy 32-year-old woman,
who manifested symptoms two weeks after receiving the second dose of Sinovac-
CoronaVac. The patient developed rheumatoid arthritis, systemic lupus erythematosus
(SLE), and Sjogren’s syndrome-like features, with hematologic (leukopenia,
thrombocytopenia), renal (proteinuria), musculoskeletal (polyarthritis), and systemic
(weight loss, myalgia, pleuritis, pericarditis) involvement. Laboratory findings
confirmed elevated inflammatory markers (CRP, ESR), high autoantibody titers
(ANA, lupus anticoagulant, anti-DNA), and signs of hypercoagulation. Despite
treatment with corticosteroids, NSAIDs, and rituximab, the patient’s disease
progressed, and she later died in 2023[127].

The vaccination acted as a trigger in genetically predisposed individuals,
potentially via molecular mimicry or non-specific T-cell activation, mechanisms
previously discussed in autoimmune. Comparable immune dysregulation has been
reported in the context of COVID-19 itself. A separate case of Guillain-Barré
Syndrome (GBS) occurred in a 47-year-old gastric cancer patient after SARS-CoV-2
pneumonia, highlighting the autoimmune potential of viral infection. The patient
developed a mixed axonal-demyelinating neuropathy (AMSAN subtype) shortly after
COVID-19 recovery.

At present, mRNA-based vaccines demonstrate a generally favourable safety
and efficacy profile, though particular rare but clinically relevant adverse events have
been observed. The majority of side effects are mild to moderate—such as local
injection site pain, fatigue, and headache—and typically resolve within a few days
[128]. However, cases of myocarditis and pericarditis, mainly among young males
following the second dose, have been documented, prompting updates to safety
recommendations [129]. Hypotheses regarding possible long-term effects, including
chronic autoinflammation or DNA damage in vulnerable individuals, remain
unconfirmed and require further longitudinal research [130]. Overall, the benefits of
large-scale mRNA vaccination—particularly the reduction in severe COVID-19 cases
and hospitalisations—are considered to outweigh the potential risks. At the same time,
ongoing pharmacovigilance continues to monitor for rare complications [131].
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2 METHODS AND MATERIALS

The methods and materials were used in accordance with BSL-3 and BSL-4
requirements, including the biological reservoir and the so-called breeding cell lines
(Vero E6 cells). The drugs were dissolved in both buffers and vehicles.

2.2 Research objects

As an object of research, the SARS-CoV-2 Virus Strain, Variant B.1.1, was
sampled from Kazakhstan from the bronchial fluids of moderately and severely ill
patients. They were collected from sick patients (nasotracheal swabs) during the
COVID-19 pandemic, with their consent for scientific research, as authorised by the
Scientific and Practical Centre for Sanitary and Epidemiological Expertise and
Monitoring, Almaty. Strain: SARS-CoV-2/human/KAZ/B1.1/2021 Alpha variant and
kept in freezers at -96C°.Viral titer Preparation for SARS-CoV-2 from a Human
Specimen: A viral stock was prepared from a human specimen (e.g., nasopharyngeal
swab, BALF), and the virus was isolated, propagated, and quantified under biosafety
level 3 (BSL-3) conditions. Bronchoalveolar lavage fluid (BALF): The sample was
centrifuged at 3,000 % g for 10 min to remove debris. Then, the supernatant was filtered
through a 0.45 pm filter. The aliquots were stored at -80°C if not used immediately
[17,102, 126].

Infection Procedure: Cells were seeded in T25/T75 flasks or 6-well plates at 80%
confluency. The cells were washed with PBS, and DMEM containing 2% fetal bovine
serum (FBS) was added. The specimen broth was inoculated with human specimen
filtrate at a multiplicity of infection (MOI) of 2. It was incubated at 37°C with 5% CO-
for 1-2 hours, with gentle rocking every 15 minutes. Remove the inoculum and replace
it with fresh DMEM + 2% FBS. Incubate for 48—72 hours, monitoring for cytopathic
effect (CPE) and viral cytotoxicity. Harvest the supernatant when ~80% cytopathic
effect (CPE) is observed [101]. Viral Stock Preparation: Collect supernatant into sterile
tubes. Centrifuge at 3,000 x g for 10 min to remove cell debris. Filter using a 0.22 pum
filter (to remove cellular contaminants). Aliquot into cryovials and store at -80°C [102].
Viral titer quantification: One of the following methods was used to determine the viral
titer: a plaque assay, considered the gold standard for this measurement. Vero E6 cells
were seeded in 6-well plates until they reached 100% confluency. Serial dilutions of
the viral stock ranged from 107" to 1077. 0.2 mL of inoculum was added to each well,
and the plates were incubated for 1 hour at 37°C. The wells were overlaid with DMEM
containing 2% fetal bovine serum (FBS) and 1% agarose.

The plates were incubated for 3—5 days, then fixed with formaldehyde and
stained with crystal violet. The plaques were counted, and the Plaque-Forming Units
per millilitre (PFU/mL) were calculated [17, 102, 115, 126]. In summary, several
challenges should be considered, including a low viral load. BALF samples, especially
later in the disease, may have lower viral titers, making isolation difficult. Sample
Availability: BALF collection is invasive and is primarily performed in hospitalised
patients with specific indications, limiting the number of samples available. Cell
Culture Adaptation: Propagation in cell lines can select for or induce mutations not
present in the original patient sample.
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Lung Removal for IL-33 experiment:

As a research subject, the lungs of wild-type mice were collected. Lift the heart with
forceps, sever the trachea/oesophagus. Extract the entire lung bloc (heart, lungs,
trachea)—separate lungs from heart/trachea on ice [117]—Decontaminate tools with
10% bleach or 70% ethanol. The waste was either autoclaved or chemically inactivated
[117].

2.3Research Materials

The following pieces of equipment were used in the work: an oligonucleotide
synthesizer H-16 (K&Laborgeraete, Germany); thermal cyclers GeneAmp PCR
System 9600 (Applied Biosystems) and TC-512 (Techne); thermal boards
DryBlockHeater (Techne); shakers and vortexes Vortex-Genie 2 Shaker (Cole-
Parmer); automatic micropipettes (Eppendorf); apparatus for electrophoresis of nucleic
acids G100 (Pharmacia); gel documentation system “Bio-Rad” (USA);
microcentrifuge “MiniSpin” (Eppendorf); a refrigerator maintained at —20 °C; a set of
software packages for DNA sequence analysis including DNASYS MAX 1.0,
Sequencer, Vector NTI, BioEdit, GENEDOC, and the Staden package; as well as a
microplate reader (OD, optical density) Plate Verification instrument for Hipo MPP-
96 (BioSAN) [101-103].
Equipment and disposables for MTT-kit:
Microplate reader capable of measuring absorbance at OD 590 nm
o Pipettes and pipette tips, including a multichannel pipette
. Tubes for the preparation of reagents and buffer solutions
o 96-well plates with a clear, flat bottom for antiviral safe assays, drug cytotoxicity
[107].

Equipment and disposables for Cell counting kit 8§ (CCKS8) - Microplate reader
capable of measuring absorbance at OD 450 nm

The study utilized pipettes and pipette tips, including a multichannel pipette;
tubes for the preparation of reagents and buffer solutions; 12-well plates with a clear
flat bottom for drug cytotoxicity assays; 96-well plates with a clear flat bottom for
antiviral assays using non-cytotoxic drug concentrations; a multichannel pipette (8 or
12 channels, 10-100 pL); a CO: incubator; a clean bench; a haemocytometer or cell
counter; and a centrifuge equipped with a rotor for 15-mL centrifuge tubes [106,126].

Equipment and disposables for the IL-33 stimulation experiment

The IL-33 stimulation experiment was carried out using a BD Canto II flow
cytometer and FlowJo software, along with syringes (5 mL and 10 mL), needles (23G
and 18G, 1742”), Petri dishes (60 x 15 mm), sharp scissors or razor blades, 70 pm cell
strainers, and a GentleMACS Dissociator.

Equipment for Electron Microscopy JEOL JEM-100CX

According to Figure 14, an electron microscope setup in a laboratory
environment, likely a transmission electron microscope (TEM), features a tall vertical
column and a control panel layout. The system appears to be well-maintained and
equipped with analogue control modules for focusing, magnification, and vacuum
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regulation. The microscope is positioned on a vibration-dampening desk with
integrated storage drawers and control units, ensuring stability during imaging [126].

Figure 14 —Electron microscopy equipment, JEOL JEM-100CX [126]

Reagents and solutions: the murine tissue extraction materials

The study used the following reagents and solutions for murine tissue extraction
and cell culture experiments. Sterile surgical tools (forceps and scissors), 10% neutral
buffered formalin, or freezing media were employed for tissue extraction. Personal
protective equipment (PPE), including a respirator, gloves, and a gown, was used to
ensure biosafety during all procedures.

For in vitro experiments, Vero C1008 [Vero 76, clone E6, Vero E6] cells,
derived from the kidney of the African green monkey and obtained from Sigma
Aldrich, were used. These anchorage-dependent cells are widely applied in molecular
and cell biology research [106] and enable high-titer replication of severe acute
respiratory syndrome coronavirus (SARS-CoV-2) [107]. Sub-confluent cultures (70—
80%) were split at ratios of 1:3 to 1:10, corresponding to seeding densities of 1-3 x 10*
cells/em?, using 0.25% trypsin or trypsin/EDTA under conditions of 5% CO: and 37
°C. Vero E6 cells exhibit approximately 50% susceptibility to SARS-CoV-2 infection
and are 100% permissive, meaning they fully support viral replication. Therefore, this
cell line was selected as a justified and reliable in vitro model for the current thesis
research.

The culture medium

Dulbecco’s Modified Eagle’s Medium (DMEM) - high glucose, with 4500 mg/L
glucose, sodium pyruvate, and sodium bicarbonate, without L-glutamine, liquid,
sterile-filtered, suitable for cell culture. Vero E6 cells (confluent in 96-well plates).
BALF sample (processed to remove debris/mucus). Cell culture medium (e.g., DMEM
supplemented with 2% fetal bovine serum [FBS] and antibiotics). Sterile pipettes, 96-
well plates, and a biosafety cabinet. Inverted microscope.

PCR

Recombinant Tag DNA Polymerase, 5000 units/mL, Sigma.

The study employed a range of molecular biology reagents and consumables,
including T4 DNA ligase, the ProtoScript® II First Strand cDNA Synthesis Kit,
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RNAZap decontamination solution, and the SuperScript IV One-Step RT-PCR System
with Platinum Taq DNA Polymerase (Invitrogen, USA; 100 reactions). Additionally,
310 and 31xx Running Buffer (10X) and the BigDye™ Terminator v3.1 Cycle
Sequencing Kit (100 reactions) were used. For visualisation, SYBR Safe DNA gel stain
served as a non-toxic reagent for agarose gel staining. UltraPure™ nuclease-free
distilled water was employed in all molecular procedures to ensure sample integrity.
Consumables included microcentrifuge tubes (1.5 mL, 500 pcs/pack, Eppendorf),
microtubes (0.2 mL, flat cap, 1000 pcs/pack, Eppendorf), and microtubes (0.5 mL, flat
cap, 1000 pcs/pack, Eppendorf) [17,126].

MTT Assay Kit
The MTT Assay Kit (ab211091) for cell proliferation is a convenient, non-radioactive,
high-throughput system that measures cell proliferation, viability, and cytotoxicity
with high accuracy and reproducibility.

MTT Reagent (50 mL)

The MTT Reagent (50 mL) was used as supplied and equilibrated to room
temperature before use, with the vial opened under sterile conditions. The reagent was
aliquoted to provide sufficient volume for the required number of assays and stored at
—20 °C, protected from light.

MTT Solvent (150 mL)

The MTT Solvent (150 mL) was used as supplied and equilibrated to room
temperature before use. The reagent was stored at —20 °C and used within 2 months of
opening. Additionally, 199 Medium—a mixture of Hank’s salts, glutamine, inorganic
salts, amino acids, vitamins, glucose, and phenol red dissolved in purified water and
sterilised by membrane filtration—was employed. This medium is formulated for cell
cultivation outside the incubator due to its low sodium bicarbonate content (1.0 g/L)
and was obtained under catalogue number C230p [102,126].

The virus preparation and safety procedures

An isolate of the SARS-CoV-2/human/KAZ/B1.1/2021, Alpha variant strain,
was passaged in Vero E6 cells to establish a high-titer stock for all our experiments.
Since SARS-CoV-2 is classified as a high-risk pathogen in Kazakhstan, all virus
procedures, including infecting cell lines and subsequent monitoring, are conducted in
a BSL-2 (Biosafety Level 2) laboratory. All direct manipulation with either viral titters
or growth-active virus strains in biological tissues is performed using human
biomaterials under BSL-3/4 bio-lab conditions [126].

2.4 Research Methods

This study employed Kit-based methods for CCKS viability measurement and
RNA isolation, aiming to accelerate the results-gaining process and facilitate
comparison with traditional (laborious) techniques, such as MTT-viability testing.

2.3.1 Bronchoalveolar Lavage Fluid -supernatant collection

The following materials and equipment were used for molecular biology,
histology, and cytology methods: bronchoalveolar lavage fluid (BALF) samples were
centrifuged at 2,000 x g for 10 minutes at 4 °C to pellet cells and debris. The resulting
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supernatant was transferred to sterile tubes and passed through a 0.22 um syringe filter
to remove any remaining particles. The filtered specimens were then aliquoted and
stored at —80 °C until further use. It should be noted that not all BALF samples were
intact, and sufficient SARS-CoV-2 viral load was detected only in a subset of the 117
BALF tubes provided.

2.3.2 Murine lung IL-33 stimulation experiment

The murine lung IL-33 stimulation experiment was conducted using
recombinant mouse IL-33 (carrier-free, endotoxin-tested), administered intranasally
(i.n.) in a total volume of 30 puL (15 pL per nostril) with sterile phosphate-buffered
saline (PBS, pH 7.4) as the vehicle.

Additional reagents and buffers included: phosphate-buffered saline (PBS)
without calcium and magnesium; enzyme-free wash buffer composed of RPMI11640
supplemented with 5% fetal bovine serum (FBS); and four digestion buffers—(A)
RPMI1640 with 5% FBS, 0.5 mg/mL Collagenase Type IV, and 0.1 mg/mL DNase I;
(B) RPMI1640 with 5% FBS, 0.5 mg/mL Liberase TM, and 0.1 mg/mL DNase I; (C)
RPMI1640 with 5% FBS, 0.2 mg/mL Collagenase P, 0.8 mg/mL Dispase II, and 0.1
mg/mL DNase I; and (D) the Miltenyi Biotec Lung Dissociation Kit (Cat. No. 130-
095-927).

For flow cytometry and staining procedures, blocking buffer (PBS, 2% FBS,
and 2.4G2 hybridoma supernatant for Fc receptor CD16/CD32 blocking), FACS buffer
(PBS, 2% FBS), and fixation buffer (4% paraformaldehyde or the Foxp3 staining kit,
eBioscience, Cat. No. 5523, for nuclear transcription factor detection) were used. Red
blood cell lysis buffer (Sigma-Aldrich, Cat. No. R7757) and a viability stain (Fixable
Live/Dead staining kit, Life Technologies, Cat. No. L34957) were also applied as part
of the experimental workflow [117,118].

Antibodies for flow cytometry for staining

For flow cytometry staining, the following antibodies were used. Lineage-
specific antibodies included TCRp (clone H57-597), TCRyd (clone eBioGL3), CD11b
(clone M1/70), CD11c (clone N418), B220 (clone RA3-6B2), CD3¢ (clone 145-2C11),
Terl19 (clone Ter119), and NK1.1 (clone PK136) to exclude lineage-positive cells.
CDA45 (clone 104) was used to identify hematopoietic cells specifically. To detect and
enrich group 2 innate lymphoid cells (ILC2), antibodies against KLRG1 (clone 2F1)
and Thyl1/CD90 (clone 53-2.1) were applied. Additional surface and intracellular
markers included Sca-1 (clone E13-161.7), ¢-Kit (CD117; clone 2BS8), ICOS (clone
C398.4A), CD69 (clone H1.2F3), CD25 (clone PC61.5), ST2 (clone RMST2-2 or
DJ8), and GATA3.

2.3.3 Viral Cultivation on VeroE6 Cells

The VeroE6 cells were grown in DMEM supplemented with 10% fetal bovine
serum (FBS) and antibiotics (penicillin/streptomycin) at 37 °C and 5% CO- until they
reached 80-90% confluence [126].

Vero E6 Cells - Infection

Supernatants were thawed quickly. BALF/murine supernatants were thawed at

37°C. The cell culture medium was aspirated. Adding the supernatant (e.g., 100-500
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uL per well of a 6-well plate). Furthermore, it is diluted in maintenance medium
(DMEM + 2% FBS) if needed. The Incubation lasted 1-2 hours at 37°C with gentle
rocking every 15 min. Post-inoculation: Replacement of inoculum with fresh
maintenance medium containing antibiotics. CPE Observation: Under a microscope,
the culture was checked daily for cytopathic effects (cell rounding, syncytia, and
detachment). The efficient extraction of SARS-CoV-2 from bronchoalveolar lavage
fluid (BALF) and murine airways, followed by successful cultivation in VeroE6 cells,
is crucial for virological studies [126].

Viral RNA isolation

mRNA was extracted for downstream processes, including RNA sequencing,
gPCR, and reverse transcription for cDNA synthesis. Because it enables researchers to
examine gene expression under specified conditions at a given moment (Figure 15) [17,
102, 115,126]. Total RNA is isolated using various techniques. Phenol-chloroform
extraction is a traditional method that has been replaced by Trizol, which separates RNA
from DNA and proteins based on their solubility. The RNA remains in the aqueous phase
and was precipitated using isopropanol. Silica-Based Column Purification: Kits were
available for rapid RNA isolation (e.g., Qiagen RNeasy) using silica membranes that
selectively bind RNA under specific buffer conditions. Since total RNA includes other
forms, such as rRNA and tRNA, mRNA typically accounts for only 1-5% of total RNA.
Two primary methods enriched mRNA: Oligo-dT Beads. These beads were coated with
oligo(dT) sequences that bind to the poly-A tail of eukaryotic mRNAs. Non-
polyadenylated RNAs (rRNA, tRNA) were washed away, leaving enriched mRNA.
Ribosomal RNA Depletion: In cases where poly (A) tails were absent (in prokaryotes),
specific kits or methods were used to remove rRNAs, thereby enriching the mRNA
fraction. According to the manufacturer’s instructions, viral RNA was isolated from
virus-containing material (nasotracheal swabs) using the QIAamp Viral RNA Mini Kit
(Qiagen). For 50 RNA preps, the following reagents were required: 50 QIlAamp Mini
Spin Columns, carrier RNA, 2 mL Collection Tubes, and RNase-free buffers [17, 102,
115,126].

Confirmation of viral load via RT-gPCR (genomic copies)

The qRT-PCR targeted the N, E, S, and M genes, as well as the ORF1ab gene.
A standard curve was used to estimate genome copies, final storage, and biosafety. The
viral stock was stored at -80°C in small aliquots to prevent freeze-thaw cycles. The
SARS-CoV-2 was handled under BSL-3 conditions with personal protective
equipment (PPE), including N95 respirators, face shields, gowns, and gloves. The work
surfaces, treated with 10% bleach or 70% ethanol, were washed. SARS-CoV-2 was
isolated from a nasopharyngeal swab by authorised specialists, and the biosample was
sent to a biosafety institute in Gvardevskyi for isolation. They were propagated in Vero
E6 cells cultured in MEM containing 2% FBS. 72 hours after infection, supernatants
containing released viral particles were collected and centrifuged at 600 g for 5
minutes. Virus stocks were stored at —80°C until use [17, 102, 115,126].

According to Figure 15, the efficiency of different RNA isolation methods for
SARS-CoV-2 is assessed by quantification cycle (Cq) values. Three approaches are
shown: QIAamp Viral RNA Mini Kit, manual extraction using the QIAamp 96 Viral
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RNA Kit, and automated extraction with the QIAcube HT system. The Cq values
across all methods are very similar, ranging from 25 to 27, indicating comparable RNA
recovery and suitability for downstream RT-qPCR analysis. The QIAamp Viral RNA
Mini Kit and manual extraction yield slightly lower Cq values, suggesting a marginally
higher sensitivity or recovery efficiency. In contrast, the automated method shows a
minor increase in Cq values, which could reflect a slightly lower RNA yield or higher
variability. Overall, the results highlight that all three methods are reliable for SARS-
CoV-2 RNA isolation, with only minor differences in efficiency, making the choice
between them more dependent on workflow needs, throughput, and automation
requirements rather than performance limitations.

SARS-CoV-2 RNA Isolation
Cq
28

27

26

25

24

23 T
QlAamp Viral Manual I Automated on QlAcube HT
RNA Mini Kit GlAamp 96 Viral RNA Kit

Figure 15 — Manufacturers ensure the efficacy of the viral RNA Mini Kit in
quantity

No phenol-chloroform extraction was required. Viral RNA binds specifically to
the QIAamp silica membrane while contaminants pass through. PCR inhibitors, such as
divalent cations and proteins, were completely removed in two efficient wash steps,
leaving pure viral RNA for elution in either water or the buffer provided with the kit.
QIAamp RNA technology enabled the isolation of viral RNA from cell-free body fluids,
making it ready for RT-PCR and blotting procedures. QIAamp sample preparation
technology is fully licensed [102, 104, 126].

2.3.4 Molecular biology and virus strain processing

Primer selection and synthesis were carried out using Oligo 6 and Vector NTI
Suite 10, with reaction parameters optimised according to enzyme annotations and
primer properties. Primers were synthesised on an H-16 oligonucleotide synthesiser
(Germany), eluted with concentrated ammonia, dried using a rotary evaporator, and
purified by alcohol precipitation [17].

PCR amplification was performed using the SuperScript III One-Step RT-PCR
System with Platinum Taq High Fidelity (Invitrogen) on GeneAmp PCR System 9600
and TC-512 thermal cyclers. Amplified DNA fragments were visualised by
electrophoresis on a 1% agarose gel using a Pharmacia G-100 apparatus, with molecular
weight markers from Invitrogen and analysis performed via the Quantity One program.
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Sequencing procedures employed the AMPure XP cleanup system, the QIAamp
Virus RNA Kit, and triazole reagents for RNA isolation, followed by BigDye
Terminator v3.1 Cycle Sequencing and purification with the CleanSeq Kit. Sequencing
was conducted on the Genetic Analyser 3130x]1 (Applied Biosystems/Hitachi) and
analysed using CLC Genomic Workbench 11.0.1. Additional genome-wide sequencing
was performed on the Ion GeneStudio S5 system.

Approximately 70% of the SARS-CoV-2 genome was successfully sequenced
from RNA isolated from virus-containing material. Amplicons of the ORF1ab gene were
verified by gel electrophoresis using 46 primer pairs designed specifically for this
region.

While antigen-based rapid tests offer rapid, cost-effective detection of COVID-
19, they are less sensitive than RT-PCR, particularly at low viral loads. Therefore,
confirmatory PCR testing remains essential for accurate diagnosis. The study was
conducted under stringent biosafety conditions in the BSL-3 laboratory of the Research
Institute for Biological Safety Problems (Kazakhstan) [17].

Overall, integrating RT-PCR, sequencing, and antigen testing provided a
comprehensive, efficient workflow for SARS-CoV-2 detection and genomic analysis,
balancing accuracy, biosafety, and operational efficiency.

2.3.5 The principles for selecting the concentrations of antiviral drugs

Since we were working with tablet formulations of TDF, T-705, and Ribavirin,
the dosing concentration was set at 200 pg/mL. The concentration was reduced to 50
ug/mL to ensure cell viability and to assess the drugs' effectiveness against high viral
loads (MOI of 2), thereby facilitating the detection of viral inhibition using an antigen-
based testing system. In China, we began working with TAF, and the concentration
was de-escalated from 50 pg/mL to 6.25 ug/mL for two reasons: first and foremost,
we knew the relative drug CC%-safe concentration of Tenofovir (TDF). Secondly, in
Kazakhstan, we did not have sufficient time to further decrease the concentrations of
antivirals below 50 ng/mL for TDF, T-705, and Ribavirin [126].

For in vitro testing, drug concentrations were selected to balance assay
sensitivity at high viral input with cell viability. We used Vero E6 cells infected at MOI
= 2 to ensure a robust antigen signal, and we evaluated drug activity across non-
cytotoxic ranges defined by CC50 measurements obtained under identical assay
conditions. For TDF, favipiravir (T-705), and ribavirin, the initial screen used 200
ug/mL (with subsequent two-fold serial dilutions) based on solubility and preliminary
cytotoxicity assessments; the upper bound was reduced to 50 pg/mL to maintain >80—
90% cell viability while preserving dynamic range for detecting antigen reduction.
When we introduced TAF, we applied a narrower, non-cytotoxic range (50 to 6.25
ug/mL; corresponding to approximately X-Y uM), informed by prior tenofovir
cytotoxicity data (using the same cell line and assay conditions) and pilot
measurements indicating comparable or lower cytotoxicity relative to TDF. All
concentrations were prepared with a consistent vehicle content (<0.1% DMSO) in both
drug and control wells. For each compound, we quantified IC50/1C90, CC50, and
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selectivity index (SI = CC50/IC50) from at least three biological replicates, ensuring
that the tested range bracketed both efficacy and cytotoxicity thresholds.
Antigen-based SARS-CoV'?2 identification
According to Figure 16, antigen-based identification of SARS-CoV-2 is a rapid
diagnostic method that detects viral proteins (antigens) in respiratory samples, such as
nasal or throat swabs. These tests are widely used for screening and diagnosis due to
their speed, cost-effectiveness, and ease of use [115].

(1) Test Cassette

(4) Specimen (2) saliva Collector
‘ Extraction Buffer
g =
®0
® @
® 0
N ]
(3) Collection Tube ’
(5) Dropper; (6) Work Station
< ; s Cross-Reactivity
Microorganism Concentration (Yes/No)
Influenza A (H1N1, H3N2) 1.0 x 10° TCIDso/mL No
Avian influenza (H5N1, H7N9) 1.7 x 10% TCIDso/mL No
Influenza B (Victoria, 2.5 x 105 TCIDsg/mL No
‘Yamagata)
Parainfluenza virus 1.0 x 10% TCIDso/mL No
Respiratory Syncytial Virus 3.8 x 105 TCIDso/mL No
Rhinovirus 1.4 x 10% TCIDso/mL No
Adenovirus 1.1 x 10° TCIDse/mL No
Measles virus 1.0 x 10° TCIDso/mL No
Human coronavirus (OC43, P
229E, NL63) 1.0 x 10° TCIDso/mL No
MERS coronavirus 1.2 x 10° TCIDso/mL No
Mycoplasma pneumoniae 1.0 x 10° CFU/mL No
Chlamydia pneumaniae 1.0 x 10° CFU/mL No
Legionella pneumophila 1.1 x 10° CFU/mL No

Figure 16 — Overview of the GenSure™ COVID-19 Antigen Rapid Test Kit
[115,126]

It utilises polymer immunochromatographic technology and a double-antibody
sandwich principle to qualitatively detect the N (Nucleocapsid) protein antigen from
SARS-CoV-2 in human nasal swab specimens. Testing is limited to laboratories and
medical institutions. This express test is efficient for instant testing. The antigen test is
high-speed and reliable. It involves pouring the swab into the viral inoculum titer and
testing it for viral load.

2.4 Key methods of dissertational work

The key methods employed in this dissertation included assessing cytotoxicity
(CCso) to evaluate cell viability in uninfected cultures, determining antiviral activity
(ECso/ICs0) based on viral load reduction in infected cells, and confirming viral
inhibition (ICso) through PCR or antigen-based SARS-CoV-2 detection assays. These
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approaches together provided a comprehensive evaluation of the safety and efficacy of
the tested compounds against SARS-CoV-2 in vitro.

Cell Preparation & Plate Layout

The experiments were conducted in “Table 2 using Vero E6 cells maintained
in DMEM supplemented with 10% FBS, cultured in 96-well plates with triplicate wells
for each condition, following a predefined experimental layout.

Table 2 — The Plate layout for A. 96 wells testing for fixed drug concentrations
and antiviral assay, n =3. B. 96 wells testing for four drug concentrations(de-
escalating), n=3, in Kazakhstan

Ne | Condition / Drug Concentration, ug/mL | Columns (wells)
1 Cell Control (Cell Ctrl) | - 1-2
2 Virus Control (VC) - 3-5
3 Ribavirin 50 6-8
Ribavirin (DR*) 200, 150, 100, 50 9-12
4 Favipiravir 50 1-4
Favipiravir (DR*) 200, 150, 100, 50 5-8
S Tenofovir (TDF) 50 9-12
Tenofovir (DR*) 200, 150, 100, 50 13-16**

*DR - Dose Response.
** Note: The original data did not specify columns for the Tenofovir DR; this is a
logical extension assuming a 96-well plate layout.

CCK8-testing of fixed concentrations; however, the four concentrations can be
visually validated. Columns 1-2 represent the cell control (uninfected, untreated
wells), serving as a baseline for assessing cell viability and morphology in the absence
of viral challenge. Columns 3-5 correspond to the virus control (VC), containing
infected but untreated cells, which serve as a reference for viral cytopathic effects and
for quantifying infection efficiency.

Columns 6-8, 9-11, and 12 “Table 3” include wells treated with Ribavirin,
Favipiravir, and Tenofovir disoproxil fumarate (TDF), respectively, each administered
at a fixed concentration of 50 pg/mL. These serve as primary antiviral test conditions
for comparing drug efficacy under standardised viral load and cell density. Row B
introduces an additional dimension — dose-response (DR) experiments — in which
each antiviral compound is tested across a concentration gradient (200, 150, 100, and
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50 nug/mL). This enables the evaluation of dose-dependent antiviral activity and the
determination of key pharmacological parameters, such as the ICso value (the
concentration at which 50% of the maximum effect is achieved).

Overall, this layout ensures a structured and reproducible approach to comparing
antiviral potency, cytotoxicity, and concentration-dependent effects of candidate
compounds relative to both virus-only and cell-only controls.

Table 3 — The Plate layout for A. 96 wells testing for fixed drug concentrations and
antiviral assay, n =5. B. 96 wells testing for four drug concentrations(de-escalating),
n=5, in China

Group Substance Working concentration, pg/mL Wells

1 Cell Control (Cell Ctrl) - Al, Bl

2 Virus Control (VC) - Cl1, D1, El

3 Ribavirin 50 F1, G1, H1
Ribavirin (DR)* 200, 150, 100, 50 A2,B2,C2,D2

4 Favipiravir 50 E2,F2, G2, H2
Favipiravir (DR)* 200, 150, 100, 50 A3, B3, C3, D3

5 Tenofovir (TDF) 50 E3, F3, G3, H3
Tenofovir (DR)* 200, 150, 100, 50 A4, B4, C4, D4

Note: *DR — Dose Response.

MTT-testing of fixed concentrations; however, the four concentrations can be
visually validated.

. DR = Dose-response (4 concentrations, e.g., 200,150,100. 50 pg/mL).
. Row A-D: Uninfected cells (for cytotoxicity).
. Row E-H: SARS-CoV-2-infected cells (for antiviral activity

Drug Preparation

Drug preparation involved preparing stock solutions of ribavirin, favipiravir, and
tenofovir alafenamide (TAF) at 10 mM in DMSO. For experimental use, working
concentrations were prepared as a fixed dose of 50 pg/mL diluted in serum-free
DMEM, and for dose-response studies, serial dilutions ranging from 200 to 50 pug/mL
were used.
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Infection & Treatment

The infection and treatment procedure involved seeding Vero E6 cells (2 x 10*
cells per well) in 96-well plates on Day 0 and incubating them for 24 hours at 37 °C
with 5% COz. On Day 1, cells in rows E-H were infected with SARS-CoV-2 at an MOI
0f 0.05 in serum-free DMEM for 1 hour at 37 °C, followed by removal of the inoculum
and a single PBS wash. Designated wells then received drug treatments at a fixed dose
of 50 pg/mL or dose-response concentrations. At the same time, control groups
included uninfected (cell control), infected without drug (virus control), and solvent
control (0.1% DMSO). Cultures were incubated for 48 hours at 37 °C and 5% CO..
Following incubation, supernatants were collected for viral RNA extraction (qRT-
PCR). For cytotoxicity assessment (rows A—D), 10 uL of PrestoBlue or MTT reagent
was added, incubated for 2 hours, and absorbance was measured at 570 nm (or
fluorescence at 560.x/590.m). For antiviral activity evaluation (rows E-H), cells were
lysed in RLT buffer to isolate intracellular viral RNA for further analysis.

In Kazakhstan, cytotoxicity was assessed in rows A—D by adding 10 uL of CCK-
8 reagent (WST-8 formazan) to each well, incubating for 1 hour, and measuring
absorbance at 450 nm or fluorescence at 450¢x/480cm.

For quantitative RT-PCR (qRT-PCR) analysis of SARS-CoV-2, amplification
targeted the N gene using 65 specific primers. A standard curve was generated from
serial dilutions of SARS-CoV-2 RNA (10'-10® copies/pL)

Cell- cytotoxicity assay

Dose escalation in vitro is observed when the drug tablet formulations are
dissolved in DMEM, thoroughly mixed at room temperature for 30 minutes, and then
diluted to the doses specified in “Table 4”.

Table 4 — The CC-test (cytotoxic test) of four drugs in increasing stock
concentrations and exposure time, with a control for each drug, on E6-vero cells (24-
well assay)

1X (4mr/mi) | 2X B 10 ml 3X10 ml 30 | 4X10 ml 5X10 ml Control
DEX. Iml 20 uM uM 40 uM 50 uM

10 uyM

1X 1300 pM | 2X10ml 3X10 ml 4X10 ml 5X10 ml Control
(200mr/mut) 2600uM 3900uM 5200 pM 6500 uM

FAV 1ml

1X 820 uM | 2X10 ml 3X10 ml 4X10 ml 5X10 ml Control
(200Mmr/ml) 820uM 1640uM 2460uM 3280uM

Ribo. 1ml

1X (300/mu) | 2X 10 ml 3X10 ml 4X10 ml 5X10 ml Control
Teno. Iml | 2090uM 3135uM 0 0

1045uM

lday lday 1day lday lday lday

The manufacturer or local distributors deliver the medications in stock
concentrations in water-soluble agents. The medium was prepared using DMEM

(D6546) supplemented with 2 mM L-glutamine (G7513) and 10% FBS/FCS (F2442).
65



This medium consisted of DMEM with 2% bovine serum and 0.01% (100 U/ml)
antibiotics (Penicillin-Streptomycin).

Dose-de-escalation in vitro was observed in the 24 wells containing Vero E6
cells, each with a different drug concentration pattern. The concentrations of
Favipiravir were 1270 uM, 318 uM, 127 uM, 12.7 uM, 1.27 uM, 0.127 uM, and
control. Ribavirin concentrations were: 820uM, 205 uM, 82uM,8,2uM,0,82uM,
0,082uM  and  control. Tenofovir  concentrations  were: 1050uM,
174uM,10,5uM,1,5uM, 0.105uM and control. Dexamethasone concentrations were 10
uM, 20 uM, 30 uM, and control. The samples were transferred to a 5% CO2 incubator
at 37 °C for 72 hours. According to the manufacturer’s instructions, viral RNA was
isolated from virus-containing material using the QIAamp Viral RNA Mini Kit
(Qiagen). A case of coronavirus infection was used as the research object.

CCKS test for cell viability in four drug concentrations

The CD8-Kit-8 (KK-8) enables sensitive colourimetric analysis to determine cell
viability in studies of cell proliferation and cytotoxicity. The water-soluble dojo-
tetrazole salt, WST-8, is reduced in cells by dehydrogenase activity, forming a yellow
formazan dye soluble in tissue culture medium. The amount of the dye formazan,
produced by the activity of dehydrogenases in cells, is directly proportional to the
number of living cells. Step 1: Add 10 P1 of Cell Counting Kit-8 to each well in a 96-
well microplate. Step 2: Place in a CO; incubator for 1-4 hours to allow the reaction to
proceed. Step 3: Measure the absorbance at 450 nm using a microplate reader [126].

Determination of cytotoxicity of drugs for cell culture

Dexamethasone, Ribavirin, Tenofovir, and Favipiravir were selected for study
to evaluate their antiviral activity against SARS-CoV-2. Before determining the
antiviral activity, a working dose was established that did not cause toxicity in cell
culture. Dexamethasone was used in ampoules containing 4 mg/ml in 5 dosages (20,
16, 12, 8, and 4 mg/ml).

Measuring the Efficacy of Antivirals Against SARS-CoV-2

Optimised 96-Well Plate Protocol: Antiviral Activity of TAF on SARS-CoV-2
in Vero E6 Cells. Objective: Confirm a 2-log reduction (log<sub>10" — logl0°
copies/mL) using qRT-PCR, while integrating cytotoxicity and antiviral efficacy (in a
single plate.

Plate Layout (96-Well Plate)

The 96-well plate layout comprised 96 wells (12 columns % 8 rows), organised
into six experimental conditions, with 16 replicates per condition to ensure statistical
reliability. The design included a TAF dose-response setup with four concentrations
alongside control groups, ensuring maximal plate utilisation. Specifically, cell controls
(uninfected, no drug) occupied wells A1-A4, B1-B4, C1-C4, and D1-D4; virus
controls (infected, no drug) occupied wells E1-E4, F1-F4, G1-G4, and H1-H4; and
the remaining wells were assigned to TAF-treated groups across the four concentration
gradients.

TAF Concentrations (ug/mlL):

The TAF dose-response experiment was conducted using four concentrations of
tenofovir alafenamide (TAF)—6.25, 12.5, 25, and 50 pg/mL—each tested in eight
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replicates (totalling 64 wells). Lower doses (6.25—-12.5 ng/mL) were assigned to rows
A-D, while higher doses (25-50 pg/mL) were placed in rows E-H. In China, the
experimental workflow proceeded as follows: on Day 0, Vero E6 cells were seeded at
2.5 x 10* cells per well in 100 pL of DMEM supplemented with 10% FBS and
incubated for 24 hours at 37 °C and 5% CO: to reach 80-90% confluence.

On Day 1, the virus inoculum was prepared by diluting SARS-CoV-2 in serum-
free DMEM to a multiplicity of infection (MOI) of 0.05, corresponding to
approximately 107 copies/mL in virus control wells after 48 hours. Infection was
initiated in the virus control (VC) and TAF-treated groups by aspirating the medium
and adding 50 pL of virus inoculum per well, followed by 1.5 hours of adsorption at
37 °C.

After infection, the inoculum was removed, wells were washed once with PBS,
and treatments were applied: cell controls (CC) and virus controls (VC) received
serum-free DMEM with 0.1% DMSO. In contrast, TAF wells received serum-free
DMEM containing the corresponding drug concentrations. All plates were incubated
for 48 hours at 37 °C and 5% CO..

On Day 3, supernatants (80 puL per well) were collected into a 96-well PCR plate
for RNA extraction after centrifugation at 3,000 x g for 10 minutes. In parallel,
cytotoxicity was evaluated by adding 10 puL of PrestoBlue® reagent to each well,
incubating for 1 hour at 37 °C, and measuring fluorescence (560cx/590em).

RNA extraction was performed using the QIAamp 96 Viral RNA Kit, with 50

uL of cleared supernatant as input. qRT-PCR targeting the SARS-CoV-2 N1 gene
(CDC primers and probes) was conducted using TagqPath™ 1-Step RT-qPCR Master
Mix (5 uL RNA + 15 pL mix). Quantification was based on a standard curve generated
from 10-fold serial dilutions of SARS-CoV-2 RNA (10'-108 copies/uL). The thermal
cycling conditions were 50 °C for 15 min, 95 °C for 2 min, followed by 40 cycles of
95 °C for 3 sec and 60 °C for 30 sec.
A >2-log reduction in viral load—defined as <10° copies/mL in TAF-treated wells
compared to >107 copies/mL in virus control wells—was considered evidence of
significant antiviral activity. Statistical validation was performed using ANOVA
followed by Dunnett’s test (p < 0.05), confirming a dose-dependent reduction in viral
replication with increasing TAF concentrations.

Expected Results for TAF

The expected results for tenofovir alafenamide (TAF) treatment include
identification of the effective concentration achieving a log reduction > 2.0 and viral
inhibition > 99%, along with a safety margin (CCso/ECso > 10), indicating minimal
cytotoxicity.

The 96-well plate layout was designed to ensure balanced experimental
conditions and high statistical reliability. Cell controls (CC) represented uninfected,
untreated wells, while virus controls (VC) represented infected, untreated wells. TAF-
treated groups included concentrations of 6.25, 12.5, 25, and 50 pg/mL, each tested in
eight replicates across the plate to determine the ECso accurately. Rows A—D primarily
contained cell controls and lower TAF doses, whereas rows E-H included virus
controls and higher TAF concentrations.
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The high-throughput design enabled efficient processing by allowing
supernatant transfer and RNA extraction in a 96-well format, significantly reducing
manual handling. Parallel measurements of cytotoxicity and qRT-PCR facilitated
same-day data acquisition. The use of 16 replicates for control groups (VC/CC)
minimised variability, and eight replicates per TAF dose ensured robust statistical
power for dose-response analysis.

All experimental procedures involving live SARS-CoV-2 were performed under
biosafety level 3 (BSL-3) containment, in accordance with international biosafety
standards. This design maximises the 96-well plate capacity to deliver definitive
confirmation of TAF's antiviral activity and safety profile in a single experiment.

Researchers evaluate the effectiveness of antiviral drugs against SARS-CoV-2
using in vitro (cell-based) and in vivo (animal models) studies, as well as clinical trials
(human studies). The most common efficacy metrics include viral load reduction,
cytotoxicity, and clinical outcomes.

In Vitro (Cell Culture) Studies

These assays measure the extent to which a drug inhibits viral replication in cells
infected with the virus. Plaque Reduction Assay (PRA): Measures the ability of a drug
to reduce the formation of virus-induced plaques in a cell monolayer. — This approach
was performed in China, yielding results identical to those obtained from cytotoxicity
assays. Output: Plaque reduction (%) or ICso (half-maximal inhibitory concentration).
TCIDso (Tissue Culture Infectious Dose 50%): Measures the drug's effect on reducing
the number of infectious viral particles. The reduction in TCIDso titer was determined
by quantitative reverse transcription polymerase chain reaction (QRT-PCR), which
measures SARS-CoV-2 RNA levels in the culture supernatant after treatment. Output:
Viral RNA copies/ml (Ct values).

Gaining the viral titer of SARS-CoV2 of MOI of 2 (viral load) from eight isolates
with an overall Mean Cq of 22 using VERQO E6 cells' supernatant

To obtain a viral titer of SARS-CoV-2 corresponding to an MOI of 2, viral
supernatants were collected from eight isolates cultured in Vero E6 cells, yielding an
overall mean Cq value of 22. Vero E6 cells were seeded in 24-well plates at 2.5 x 10°
cells per well (80—-90% confluency) and maintained in DMEM supplemented with 2%
FBS during infection. The virus was adsorbed for 1 hour at 37 °C and 5% CO., after
which wells were washed three times with PBS and supplied with fresh medium.
Sampling was performed at 24-, 48-, and 72-hours post-infection (hpi), avoiding Cq
values outside the 15-28 range, with timing adjusted to maintain a target Cq of 22—
early collection (24—36 hpi) for faster replication (Cq < 20) and later collection (48—60
hpi) for slower replication (Cq > 24). For instance, isolate 1 (fast-replicating) was
harvested at 30 hpi (Cq = 21.9), whereas Isolate 8 (slow-replicating) was collected at
54 hpi (Cq = 22.1).

Collected supernatants in “Table 5 were centrifuged at 300 x g for 5 minutes to
remove debris and stored at —80 °C in an RNA-stabilising buffer. Viral RNA was
extracted using the QIAamp Viral RNA Kit and quantified by RT-qPCR under the
following cycling conditions: 95 °C for 3 min, followed by 45 cycles of 95 °C for 10
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sec and 60 °C for 30 sec. A standard curve generated from 10>—107 copies/uL of SARS-
CoV-2 RNA enabled absolute quantification of viral load in the supernatant samples.

Table 5 — Expected Results & Validation, Homogeneity of variance: Levene’s
test (p > 0.05). ANOVA power: > 0.8 for detecting =£1.5 Cq differences

I[solate Target HPI | Expected Cq Range | Viral Load, copies/mL
1 30 21.5-22.5 ~1.5 x 107
2 36 21.7-22.8 ~1.2 x 107
WK
8 54 21.8-22.6 ~1.6 x 107
Overall mean 220+0.4 1.4 x 107
Note: HPI - hours post-infection; Cq -  quantification cycle.

** - Data for isolates 3-7 are omitted for compactness. *

The experiment design ensures a statistically robust comparison of viral
replication kinetics while controlling for isolate-specific growth rates. Time-course
optimisation is critical to achieve the target mean Cq of 22.

Electron microscopy of sample collection and fixation

Samples, including infected cell cultures (e.g., Vero E6 cells), lung tissue, or
nasal swabs, were fixed in 2.5% glutaraldehyde prepared in 0.1 M phosphate buffer
(pH 7.4) for at least 2 hours at 4 °C, followed by post-fixation with 1% osmium
tetroxide in the same buffer for 1 hour at 4 °C. The specimens were then dehydrated
through a graded ethanol series (30%, 50%, 70%, 90%, and 100%), with an additional
propylene oxide transition step for epoxy resin embedding. Finally, the samples were
embedded in epoxy resin (Epon 812 or Spurr’s resin) and polymerised at 60 °C for 24—
48 hours.

Sectioning

Ultrathin sections (60-90 nm) were prepared using an ultramicrotome and
mounted on 200-mesh copper TEM grids. The sections were stained with uranyl
acetate for 10-30 minutes, followed by lead citrate for 5-10 minutes. Imaging was
performed using a JEOL JEM-100CX transmission electron microscope operated at
80—-100 kV. Virus particles were identified by scanning sections of infected cells,
revealing SARS-CoV-2 virions with a spherical to pleomorphic shape, measuring
approximately 80—120 nm in diameter, and exhibiting distinctive surface spike (S)
protein projections that produced the characteristic “corona” appearance [126].
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The main steps of the pre-clinical test of recombinant mouse IL33 on 6-8-weeks-
old 30 WT-Mice

Dose-Dependent Induction of Pulmonary ILC2 by Intranasal IL-33 in WT Mice.
To evaluate the dose-dependent effect of intranasal recombinant mouse 1L-33 on the
expansion of pulmonary Group 2 Innate Lymphoid Cells (ILC2) in wild-type (WT)
mice after 4 days of stimulation. Increasing doses of IL-33 will induce a dose-
dependent expansion of pulmonary ILC2, with 100 ng eliciting the strongest response.

A total of 30 wild-type C57BL/6 mice (6—8 weeks old, sex-matched) were
divided into four groups (n = 7—8 per group): a control group receiving intranasal PBS,
and three treatment groups receiving 10 ng, 50 ng, or 100 ng of IL-33 in PBS daily for
four consecutive days. After treatment, mice were perfused via the right ventricle with
10 mL of ice-cold PBS, and lungs were dissected, minced, and digested in RPMI
containing 1 mg/mL collagenase IV and 0.1 mg/mL DNase I at 37 °C for 30 minutes.
Single-cell suspensions were prepared by filtration through a 70-um strainer, followed
by red blood cell lysis using ACK buffer.

For ILC2 quantification, flow cytometry staining included surface markers
CD45, lineage (CD3e, CDI11b, CDl1l1c, CD19, B220, Ly6G, NKI1.1, TER-119),
CD90.2, CD127, and ST2 (IL-33R), with Zombie NIR™ viability dye and, where
applicable, intracellular GATA3. The ILC2 gating strategy was: live cells — CD45" —
Lin-— CDY90.2* — CD127* — ST2* — (GATA3"), with appropriate FMO, unstained,
and compensation controls.

Lung cytokines (IL-5 and IL-13) were quantified by ELISA using lung
homogenate supernatants. Data were analysed in GraphPad Prism using one-way
ANOVA with Tukey’s post hoc test for parametric data or Kruskal-Wallis with Dunn’s
test for non-parametric data, with significance set at p < 0.05. Group sizes (n = 7-8)
provided over 80% power to detect a two-fold change in ILC2 frequency (a0 = 0.05, SD
= 15%).

Expected outcomes included minimal ILC2 expansion in the control group, a
moderate increase at 10 ng IL-33, and a dose-dependent ILC2 expansion in the 50 ng
and 100 ng IL-33 groups, with the highest response at 100 ng.

The tissue Homogenate

Weigh tissue and homogenise in cold DMEM (10% w/v, e.g., 100 mg tissue in
1 mL DMEM). Centrifuge at 10,000 x g for 10 min at 4°C to pellet debris. Supernatant
through a 0.22 um filter. The filter removes bacteria and particles. Aliquoted and stored
at -80°C, avoiding repeated freeze-thaw cycles [108-109].

The preclinical test of the antiviral properties of IL33 in vivo on regular lab
WT-Mice

Are there other models? Maybe mice adapted to the virus through serial passage?
Or maybe using an adenovirus to express hACE2 in regular mice? The BALB/c and
C57BL/6 strains are being used; however, they may not become infected unless the
virus is adapted. Therefore, the best option is likely to use hACE2 transgenic mice. The
strains are close to K18-hACE2. They express ACE2 under a promoter that might
target epithelial cells, which could make them more susceptible [108-109]. However,
we can mimic the viral infection in vivo by stimulating IL-33 and observing its effects
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on murine lungs. Performing statistical data analysis with ANOVA (Analysis of
Variance) involves comparing group means to determine if there are statistically
significant differences. Below is a step-by-step guide to conducting an ANOVA,
including software recommendations.

According to Figure 17, a laboratory procedure in which a researcher, wearing
blue nitrile gloves, handles a mouse. The mouse is held securely on its back, and a
syringe is positioned for what appears to be an intraperitoneal injection, a standard
method for administering experimental compounds, drugs, or treatments in animal
studies. The setting includes a standard animal cage with bedding and food pellets,
indicating controlled housing conditions.

Figure 17 — Injection (Left) or intranidal administration (Right) of recombinant
mouse cytokine 1L-33

It induces an innate type 2 immune response, including ILC2, in a dose-
dependent manner. As a control, PBS and 10, 50, or 100 ng IL-33 were administered
for 4 consecutive days, and ILC2 levels in the lungs were analysed by flow cytometry
24 hours after the last treatment. Two to five mice were used per group, and a
representative result was shown for each group. This type of procedure is frequently
used in preclinical biomedical research to evaluate pharmacological effects, model
viral infections, or assess therapeutic interventions. The careful handling and sterile
equipment suggest adherence to animal welfare and biosafety protocols. This
experiment demonstrates that intranodal administration of the recombinant mouse
cytokine IL-33 effectively induces a type 2 innate immune response characterised by
ILC2 cell activation in a dose-dependent manner. To control for nonspecific effects,
phosphate-buffered saline (PBS) was administered alongside different doses of 1L-33
(10, 50, and 100 ng) for four consecutive days. Lung tissue was collected 24 hours after
the final treatment, and ILC2 populations were quantified by flow cytometry. Each
treatment group consisted of two to five mice, with representative results presented for
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comparison. The findings highlight the potency of IL-33 in modulating innate immune
responses and underscore the relevance of dosage in shaping the magnitude of ILC2
activation.

According to Figure 18, a post-mortem dissection of a laboratory mouse was
performed under controlled experimental conditions. The animal’s thoracic cavity has
been opened, and surgical instruments are being used to expose internal tissues and
organs, most likely for harvesting samples, such as the lungs, spleen, or other organs,
for downstream analyses. This type of procedure is a standard step in biomedical
research to examine tissue-level responses, viral loads, immune cell populations, or
pathological changes following experimental treatments or infections. The use of
sterile instruments and gloved hands reflects adherence to laboratory biosafety and
ethical guidelines in handling animal specimens.

Figure 18 — Subjecting the mouse to euthanasia, opening the abdominal cavity, and
carefully separating the chest membrane from the rib cage

Cut the rib cage from the left and right sides, and either cut the rib cage from the
top or cut the rib cage in half. Cut through the blood vessels under the lungs. Perform
pulmonary perfusion by inserting 1 mL of cold PBS ice into the right ventricle using a
10 mL syringe and a 23-g needle. After perfusion, the lungs should turn white. Remove
the heart and thymus, cut out the lungs and place them in 2 ml of washing solution.
Remove the trachea, median lymph nodes and all additional tissues taken so that only
the lungs (five lobes) are left.

Murine lung proceeding
Dissect lungs intact (trachea — lobes).

Place in 1 mL ice-cold PBS/FBS buffer, as in Figure 19.
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Mincing:

According to Figure 19, chop lobes into <2 mm? pieces with scissors
and transfer the tissue to the GentleMACS C-tube containing 5 mL of
digestion buffer.

Enter various digestible tissues into a 5 ml syringe (18 g 1% needles) and
distribute the suspension by re-suction to obtain a single-celled suspension. Filter the
cell suspension through a 70 um cell sieve. Rinse the Petri dish with 1 ml of washing
solution, then pass it through a cell sieve. If there are still small pieces of fabric left,
push them through the cell sieve with the syringe plunger. Rinse the cell filter with an
additional 5 ml of rinsing buffer. Centrifuge the cell suspension at 450 g for 5 minutes,
then remove the supernatant. Resuspend the cells in 10 ml of FACS buffer. Centrifuge
the cell suspension at 450 g for 5 minutes, then remove the supernatant. Perform red
blood cell lysis (RBC) by adding