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My PhD activities
During my enrollment in the Doctoral School of Medical Biotechnologies at the University of

Siena, I actively participated in the Laboratory of Microbiology and Virology, contributing to

multiple research projects focused on antiviral drug discovery. My research gave me the

possibility to explore a variety of viral pathogens, including Severe Acute Respiratory Syndrome

Coronavirus 2 (SARS-CoV-2), West Nile Virus (WNV), Dengue Virus (DENV), Zika Virus (ZIKV),

Human Immunodeficiency Virus-1 (HIV-1) and Influenza virus. Beside the two projects that will

be discussed deeply in this doctoral thesis, I was involved in several research collaborations

that allowed me to test novel compounds and assess mechanisms of viral replication and

resistance. In particular, I have worked with Professor Manini and Professor Montomoli of the

Department of Molecular and Developmental Medicine (University of Siena) studying the

unusual epidemiological pattern of the 2021/2022 influenza season in Italy, which did not reach

the usual peak probably because of the COVID-19 containment measures such as social

distancing, remote working, use of face masks (Milano et al.,2024). In another project, I actively

collaborated with Professor Messina of Department of Molecular and Developmental

Medicine, in an investigation on the effects of violet-blue light (VBL) on the infectivity and

structural integrity of SARS-CoV-2 compared to influenza A and B viruses. We demonstrated

that SARS-CoV-2 is markedly more susceptible to VBL, proposing as mechanism of viral

inactivation the oxidative damage to the lipid envelope instead of direct RNA degradation. This

finding highlighted the vulnerability of SARS-CoV-2 to light-based disinfection approaches and

gives us a better understanding of the molecular mechanism behind its susceptibility (Amodeo

et al.,2025). I have also worked with Professor Campiani (Department of Biotechnology,

Chemistry and Pharmacy, University of Siena) in the characterization of novel covalent

peptidomimetic inhibitors targeting the SARS-CoV-2 main protease (Mpro), a key enzyme for

viral replication. Through structure–activity relationship analyses, molecular docking, and X-

ray crystallography, we identified compounds with promising antiviral activity, offering valuable

information to guide the development of next-generation Mpro inhibitors (Rossi et al.2025). I

have contributed to proteomic analyses in collaboration with Professor Luca Bini’s laboratory

on newly synthetized compounds targeting WNV and DENV viruses, and I investigated the role

of PARP12 and ADP-ribosylation in viral infections in collaboration with CNR Naples.
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Furthermore, I was involved in the evaluation of neutralizing antibody responses in people living

with HIV after receiving a third dose of the BNT162b2 mRNA vaccine, in collaboration with the

laboratory of Professor Parisi (Department of Molecular Medicine, University of Padova). Using

live-virus neutralization assays, we found that while all participants showed detectable

responses against the ancestral B.1 lineage six months post-vaccination, their neutralizing

titers against the Omicron BA.5 variant were significantly lower, underscoring the impact of viral

evolution on vaccine-induced immunity (Vicenti et al., 2023). Continuing in the field of HIV-1

research, we evaluated the in vitro susceptibility of multidrug-resistant HIV-1 strains to

doravirine and islatravir, as well as their combinatorial activity. Despite complex resistance

profiles, the two drugs showed mainly additive and sometimes synergistic effects, although

their activity decreased in the presence of multiple resistance-associated mutations,

particularly M184V/I (Giammarino et al., 2025)

Finally, I evaluated different next-generation sequencing (NGS) methodologies for HIV-1

genotypic resistance testing, comparing the performances of an in-house amplicon-based

protocol to a commercial NGS kit. Both methods detected additional resistance mutations

compared to Sanger sequencing, but the in-house protocol showed better genome coverage

(Biba et al., 2024). Ultimately, during the last 7 months of my PhD, I worked at the Emory

National Primate Research Center (USA), exploring molecular mechanisms underlying AIDS

pathogenesis through sequencing of natural and non-natural SIV hosts belonging to the same

genus of Cercopithecus. Throughout these experiences, I acquired a broad range of technical

skills, including proficiency in cell cultures (VERO-E6, A549, CACO-2, HUH-7), ability to work in

Biosafety Level 3 laboratories, ELISA and Cell Titer-Glo assays, Illumina sequencing, nucleic

acid extraction, and isolation of CD4+ T-cells from whole blood. These activities provided me

with a solid foundation in antiviral research, virology, and advanced laboratory techniques,

combining both in vitro experimentation and genomic analysis.

 



1. Introduction

1.1 General overview and epidemiology
Human coronaviruses (HCoVs) form a subgroup within the Coronaviridae family and are

associated with a wide range of respiratory infections, from mild illnesses such as the common

cold to more severe conditions like bronchiolitis and pneumonia. The Coronaviridae family is

taxonomically categorized into two subfamilies: Coronavirinae and Torovirinae. Viruses

belonging to the Torovirinae subfamily are morphologically distinct from those in the

Coronavirinae, primarily due to their helical, toroid-shaped nucleocapsid structure (Lamer &

Haagmans, 2022). Within Coronavirinae, four genera are recognized: Alphacoronavirus,

Betacoronavirus, Gammacoronavirus, and Deltacoronavirus. Alphacoronaviruses and

Betacoronaviruses infect only mammals, while Gammacoronaviruses and Deltacoronaviruses

have a broader host range, including both avian and mammalian species (Mahdy Mohamed et

al., 2020). A defining feature of coronaviruses is their ability to cross species barriers, a process

facilitated by the presence of diverse animal reservoirs that support viral replication and

maintenance. Since the early 2000s, multiple HCoVs have been linked to major global

outbreaks of severe respiratory disease. The first significant event occurred in November 2002

in Foshan, China, with the emergence of severe acute respiratory syndrome coronavirus (SARS-

CoV), which spread internationally in 2003 and had an estimated case fatality rate of 10%. In

June 2012, Middle East respiratory syndrome coronavirus (MERS-CoV) was identified in Jeddah,

Saudi Arabia, and drew global attention due to its higher fatality rate (around 37%). Most

recently, in December 2019, a novel coronavirus later named SARS-CoV-2 appeared in Wuhan,

China. Closely related to SARS-CoV, this virus initiated the COVID-19 pandemic: the most

widespread and impactful coronavirus outbreak to date (Kirtipal et al., 2020). Sequencing of

SARS-CoV-2 genomes revealed a close relationship (approximately 88% genome identity) with

two bat-derived strains, bat-SL-CoVZXC21 and bat-SL-CoVZC45, which had been isolated from

bats in Zhoushan, China, in 2015 and 2017, respectively (Lu et al., 2020). In addition, SARS-CoV

shares only 79% genome identity with SARS-CoV-2, while MERS-CoV shares about 50% (Sallard

et al., 2021). The initial SARS-CoV-2 genome (strain Wuhan-Hu-1), released on January 10,

2020, did not phylogenetically cluster with any known bat coronavirus, suggesting that

recombination may have played a role in its emergence. Later genomic analyses identified

RaTG13, a coronavirus detected in a Rhinolophus affinis bat from Yunnan Province in 2013, as



its closest known relative (Boni et al., 2020). Furthermore, comparative genomic studies

suggest that the SARS-CoV-2 genome present a mosaic structure shaped by multiple

recombination events involving a SARS-CoV-2-like ancestor, RaTG13, and coronaviruses

identified in pangolins from Guangdong Province (Singh & Yi, 2021).

The spread of SARS-CoV-2 has caused disease and numerous fatalities across the world. At the

time of writing, WHO reported 7,099,375 deaths since the beginning of the pandemic and 5,184

hospitalizations in the last 28 days (last access August 2025). Aside from the sudden pandemic

(which caused massive socio-economic difficulties worldwide), SARS-CoV-2 has also been

associated with prolonged illness such as long COVID, again contributing to the effects on

world health.

1.2 SARS-CoV-2 genome organization and life cycle

1.2.1 Genome organization
The genome of SARS-CoV-2 is a single-stranded positive-sense RNA of approximately 30

kilobases in length with a 5’ cap structure and a 3’-poly-A tail. It consists of 14 functional open

reading frames (ORFs), including two noncoding regions at both ends. The ORFs leads to a total

of 29 viral proteins: 16 non-structural proteins NSPs, 4 structural proteins and 9 accessory

protein (Yao et al., 2020, Bai et al., 2022). After viral entry, the SARS-CoV-2 RNA genome

is directly translated, leading to two polyproteins from two large open reading frames: ORF1a

and ORF1b (Figure 1). The programmed frameshift at the 3′ end of ORF1a lead to the production

of pp1a and pp1ab. These polyproteins are required for the replication‐transcription complex

(RTC) assembly and are processed into the 16 NSPs by two viral cysteine proteases: NSP3

(papain-like protease, PLpro) and NSP5 (main protease, Mpro).  Some of the most crucial non-

structural proteins in the SARS-CoV-2 life cycle include the RNA-dependent RNA polymerase

(RdRp) NSP12, the viral helicase NSP13, and the NSP14, with 3′–5′ exonuclease (ExoN)

proofreading activity. This proofreading activity is a unique feature of RNA viruses and plays

a central role in coronavirus evolution and cross-species

transmission potential. Indeed, ExoN error           correction reduces           the SARS-CoV-2

genome's mutation rate compared to other RNA viruses and facilitates genetic recombination,

as demonstrated in vitro using NSP14 knockout viral models (Gribble et al., 2021).



Figure 1  SARS-CoV-2 genome (Yang et al., 2021)

At the 3’ end of the SARS-CoV-2 genome there are four ORFs encoding the major structural

proteins: nucleocapsid (N), spike (S), membrane (M), and envelope (E). These structural

proteins contribute to virion assembly as well as immune evasiveness. (Yang et al.,2021; Naqvi

et al., 2020; Hoffman et al., 2020, V’kovski et al., 2020). Among the structural proteins, the spike

(S) glycoprotein is essential for viral entry mediating both attachment to the host cell

membrane and membrane fusion. The spike glycoprotein is a homotrimer and its replication

units are present within the viral envelope, conferring the crown-like (corona) appearance to

SARS-CoV-2. After viral maturation within infected cells, the S protein is cleaved by host furin

or furin-like convertases within the Golgi apparatus into two subunits, S1 and S2, which remain

non-covalently associated (Jackson et al., 2022). The S1 subunit contains the receptor-binding

domain (RBD, residues 306–534), which interacts with host cell surface receptors and dictates

viral tropism and pathogenicity. The transmembrane S2 subunit contains the fusion peptide,

which induces viral and cellular membrane fusion. (Naqvi et al., 2020; Qing et al., 2020;

Jackson et al., 2022).

One of the unique features of SARS-CoV-2 is the polybasic cleavage site (PRRAR) at the S1/S2

boundary, with a proline residue. This site is not present in closely related betacoronaviruses

(Coutard et al., 2020) and has been demonstrated to enhance viral infectivity. Pre-cleavage of

the spike protein can enable extended cell tropism and zoonotic transmission and enhance the

transmissibility of the virus (Neerukonda et al., 2020; V'kovski et al., 2020).



The envelope (E) protein is another structural protein involved in viral morphogenesis,

pathogenesis, assembly, and budding. It is a viroporin that forms ion channels, creating

protein-lipid pores involved in ion transport. (Bianchi et al., 2020).

The M protein, which has three transmembrane domains, also interacts with the E, N, and S

proteins playing a key role in virion shaping. It is the most highly expressed structural

coronavirus protein during viral replication and has a critical role in virus assembly (Naqvi et al.,

2020).

The N protein is present alongside the viral RNA genome inside the nucleocapsid. It helps in

encapsidating the RNA into the ribonucleocapsid and has interactions with the viral genome

and other viral proteins, including NSP3 and M, during assembly. The N protein of SARS-CoV-2

is preserved and shares approximately 90% sequence identity with that of SARS-CoV (Naqvi et

al., 2020).

Several accessory genes, such as ORF3a, ORF3b, ORF6, ORF7a, ORF7b, ORF8b, ORF9b, and

ORF14 encodes for 9 accessory protein, which are located between the structural genes. These

proteins are involved in the regulation of viral infection, although they may not be incorporated

in the virion, except for ORF3a and ORF7a (Yang et al.2021; Bai et al., 2021).

1.2.3 Sars-CoV-2 life cycle
The SARS-CoV-2 spike protein’s receptor-binding domain (RBD) binds with high

affinity to angiotensin-converting enzyme 2 (ACE2) (Figure 2), a transmembrane glycoprotein

that is expressed at high levels in various species, including humans, ferrets, cats, and bats, as

well as in several organs such as the lungs, heart, intestines, and kidneys (Andersen et al.,

2020; Neerukonda et al., 2020; Hoffmann et al., 2020).



Figure 2 SARS-CoV-2 life cycle adapted by Yang et al., 2021
As mentioned above (1.2 Sars-CoV-2 genome organization) both spike monomers presents two

functional regions: the largely exposed S1 subunit (residues 1–686), which is primarily involved

in receptor binding, and the partially covered S2 subunit (residues 687–1,273), which facilitates

membrane fusion (Walls et al., 2020). The RBD in the S1 region undergoes a conformational

change, alternating between the closed/down and the open/up states (Figure 3).

Figure 3 Close/down vs open/up states, adapted from Yang et al., 2021





In its open conformation, the RBD binds to ACE2, the crucial first step for viral entry into host

cells (Wrapp et al., 2020; Lan et al., 2020). Residues 438–506 define the receptor-binding motif

(RBM), the portion of the spike that directly bind ACE2, while the remaining residues constitutes

the RBD core.  Within the S1 subunit, two domains located downstream of the RBD are

referred as the S1 carboxy-terminal domains (CTDs).

Upon binding with the ACE2 receptor, the spike protein undergoes proteolytic activation, a

prerequisite  for membrane fusion. This cleavage is facilitated by a host serine protease,

TMPRSS2, that is localized on epithelial cell surfaces, particularly in the respiratory tract.

TMPRSS2-facilitated cleavage is a critical step in the viral life cycle (Hoffmann et al., 2020;

V'kovski et al., 2020). However, in the absence of TMPRSS2-expressing cells, SARS-CoV-2

can use an alternative entry mechanism. After binding to ACE2, the virus can enter host

cells by clathrin-mediated        endocytosis, where        activation is        facilitated by

cathepsins in endosomal vesicles (Bayati et al., 2021). Following cell entry, the viral RNA

genome is released in the cytoplasm and translated. The NSPs assemble into the RTC,

which generates negative-strand RNA intermediates that serve as templates for the production

of  positive-sense genomic and sub-genomic RNAs. This process is facilitated by the NSP-

driven remodeling of the rough endoplasmic reticulum (ER) membrane into specialized

replication compartments. Subsequently, sub-genomic RNAs are used for the synthesis of

structural proteins, which are integrated into the ER and secreted through the secretory route

to the ER-Golgi intermediate compartment. There, the newly synthesized viral genome is

encapsulated with the nucleocapsid (N) protein and, together with the other structural

proteins, are encapsulated into mature virions which are transported to the cell surface in

vesicles and released into extracellular space by exocytosis (Hoffmann et al., 2020; V'kovski et

al., 2020; Jackson et al., 2020; Tebha et al., 2024).



1.3 SARS-CoV-2 Transmission
The respiratory route has been established as the most significant and efficient mode of SARS-

CoV-2 transmission, with the pathogen being spread on respiratory droplets or aerosols

emitted by an infected subject and inhaled by people in proximity. While early in the pandemic

there was concern about fomite transmission, such as disease transmission indirectly through

contaminated surfaces, current evidence indicates that this route plays only a minimal role in

SARS-CoV-2 spread. Although SARS-CoV-2 can remain viable for several hours on surfaces

under laboratory conditions, recovery of replication-competent virus from real-word

environments is rare and occurs only at very low levels. For this reason, aerosol transmission,

particularly in the close range, is now globally accepted as the primary route of SARS-CoV-2.

The risk is greatest with short-range aerosols since they contain a higher concentration of viral

particles, and, moreover, aerosol concentrations dissipate rapidly for long distances (Figure 4),

Figure 4 Mechanisms of SARS-CoV-2 Transmission (Harrison et al., 2020)

which results in decreased transmission. Notably, in hospitals, there have been some well-

documented cases that have confirmed human-to-human transmission over distances that

exceed 1.8 meters. Indeed, transmission events at larger ranges are more likely to happen in

poorly ventilated rooms or where air flow patterns carry contaminated air from the infected

patient to others (Meyerowitz et al., 2022). Other transmission routes such as sexual, fecal–

oral, and bloodborne have been suggested but they are not yet documented. Mother-to-child



vertical transmission of SARS-CoV-2 appears to be rare. While some studies have reported

SARS-CoV-2-specific IgM antibodies in neonates, the results must be interpreted cautiously

because the IgM test is subject to false positives, especially in the context of systemic

inflammation. In addition, certain neonates have also been detected positive by polymerase

chain reaction (PCR) at birth, increasing the probability of exposure in the perinatal period.

Infrequent case reports have also revealed SARS-CoV-2 placental infection, providing further,

even if limited, evidence of possible in utero transmission. In addition, viral RNA has also been

detected in breast milk, although so far, no cases of SARS-CoV-2 transmission to infants from

breastfeeding have been established (Meyerowitz et al., 2021).

1.4 Clinical manifestations and pathogenesis
Patients with COVID-19 may experience a wide spectrum of symptoms, ranging from none or

flu-like illness to severe complications such as acute respiratory distress syndrome (ARDS).

Indeed, COVID-19 can be classified as mild, moderate, or severe depending on disease

severity. Symptoms onsets occur 2-14 days (Figure 5) after SARS-CoV-2 infection, averaging

approximately 5 days. The acute phase of COVID-19 usually lasts until 2-3 weeks from the

beginning of symptoms (Rana et al., 2021). Severity of COVID-19 can be characterized by

several factors:  the viral load, genetic factors, existence of underlying diseases, age, sex, use

of immunosuppressants, and immunity. Comorbidities such as cardiovascular disease, kidney

damage, liver dysfunction, diabetes, Parkinson’s disease, and cancer can be associated with a

poor prognosis.

Figure 5 Disease progression, created in https://BioRender.com



Generally, mild COVID-19 is characterized mainly by myalgia, cough and mild fever. Patients

with the moderate form of the disease may exhibit mild pneumonia, whereas typical symptoms

of severe COVID-19 are severe pneumonia and hypoxemia, leading to complications such as

ARDS, systemic inflammatory response syndrome, multiorgan failure and/or shock (Rana et al.,

2021; Xie et al., 2023). SARS-CoV-2 can infect monocytes, macrophages, dendritic cells, and

lymphocytes which play an important role in the development of cytokine storms. In COVID-19

a massive release of cytokines (prevalently IL-6) causes an increase in the leukocyte’s

recruitment to multiple body organs, especially in the lung, leading to ARDS. This life-

threatening lung condition reduces the oxygen efflux from the alveoli to the blood leading to the

use of mechanical ventilators (Machhi et al., 2020). Consequently, the most common causes

of death are ARDS, severe viral pneumonia, and multiple organ failure (Xie et al., 2023). Notably,

the severity of pulmonary manifestations can be influenced by several factors. Elderly

individuals appear to exhibit higher ACE2 expressions in the lungs. Moreover, ACE2 expression

is elevated in adipose tissue, making obesity, frequently associated with comorbidities such as

hypertension and diabetes, an important risk factor (Xie et al., 2023).

COVID-19 infection can also be characterized by extrapulmonary manifestations (Figure 6),

including cardiovascular disease, gastrointestinal disease, nervous system disorders, skin and

eye conditions.



Figura 6 Extrapulmunary manifestation of COVID-19, created in https://BioRender.com

Cardiovascular involvement in COVID-19 can arise through two main mechanisms that lead to

cardiac manifestations: the direct effect of SARS-CoV-2 on ACE-2 receptor in cardiac tissue,

and the cytokine storm that can cause heart failure. In the first mechanism, the virus can bind

ACE-2 receptors on cardiomyocytes, leading to the degeneration of heart system or to

inflammatory storms. This may result in arrhythmia, hypertension, palpitation, myocardial

damage, and heart failure (Xie et al., 2023). Regarding the nervous system, ACE-2 receptors are

highly expressed both in the central nervous system (CNS) and in the peripheral nervous

system (PNS). SARS-CoV-2 can infect neurons and glial cells, such as astrocyte and microglia,

triggering the innate immune response. Neurological manifestations of SARS-CoV-2 infection

have been classified into three groups:

1) CNS involvement (headache, altered consciousness, encephalitis, cerebrovascular

disease, seizures, and ataxia);

2) peripheral nervous system involvement (anosmia/hyposmia, dysgeusia, visual

alterations, neuralgia, and Guillain-Barré syndrome);

3) musculoskeletal involvement myalgia, and fatigue (Cárdenas et al, 2022).



In the digestive tract, recent studies suggest that SARS-CoV-2 could cause gastroenteritis by

replicating it in human enterocytes. The direct effect of SARS-CoV-2 viral overload on

esophageal epithelial cells and ACE-2 receptors in the mucous layer of the stomach and small

intestines can lead to gastrointestinal (GI) manifestations such as diarrhea, vomiting, nausea,

and abdominal pain. (Durairajan et al., 2023; Xie et al., 2022). Furthermore, the detection of

SARS-CoV-2 RNA in feces provides additional evidence that the virus may replicate within the

epithelial cells of the GI tract. SARS-CoV-2 infection also affects the permeability of the

intestinal membrane, resulting in enterocyte dysfunction. Consequently, patients often display

elevated levels of calprotectin, a biomarker released by neutrophils during gastrointestinal

inflammation, along with increased serum IL-6 levels. (Durairajan et al., 2023).

Skin manifestations in COVID-19 patients primarily include rash and erythema,

which are more frequently seen in mild and moderate patients and may precede respiratory

symptoms. SARS-CoV-2 can also reach the eyes either through direct contact with infected

secretions or via the bloodstream, binding to ACE2 receptors found on the conjunctiva and

cornea, leading, in some patients, to eye redness, foreign body sensation, or conjunctivitis (Xie

et al., 2022).

1.5 SARS-CoV-2 Persistence and Long-COVID
In addition to the acute clinical syndrome of COVID-19, SARS-CoV-2 can lead to a chronic

condition called long-COVID, which consists of persistent and often debilitating symptoms

lasting for 3 months or more after acute infection. Although the term long COVID was adopted

by public health bodies in USA, WHO uses the term post-COVID condition (PCC), and the UK

National Institute for Health and Clinical Excellence uses ongoing symptomatic COVID-19 and



Figure 7.  Long COVID manifestations, created in  https://BioRender.com

post-COVID-19 syndrome (Greenhalgh et al.,2024). Epidemiological studies indicate that 6 in

100 COVID-19 patients develop PCC, with most of the evidence coming from individuals

infected during the first two years of the pandemic (www.who.int). The main manifestations of

PCC are fatigue, aches and muscle pain or joints, feeling breathless, headaches, difficulty in

thinking or concentrating and alterations in taste.  These symptoms range from mild to severe

and can affect the capacity to work and perform daily activities. In addition, PCC has been

associated with a wide range of systemic presentations (Figure 7), including the cardiovascular

system (increased risk of cardiac arrest and heart failure), endocrinal system (diabetes),

musculoskeletal system (chronic fatigue syndrome and postural orthostatic tachycardia

syndrome, POTS). Neurocognitive dysfunction closely resembles myalgic

encephalomyelitis/chronic fatigue syndrome (ME/CFS), and is characterized by persistent

fatigue, post-exertional malaise, unrefreshing sleep, cognitive impairment (“brain fog”), and

orthostatic intolerance for at least six months. PCC has been also linked to immune

dysregulation (reduced NK cell activity, T-cell exhaustion), vascular dysfunctions and viral

reactivation (EBV, HHV-6/7and CMV). Additional associated conditions include mast cell

activation syndrome, connective tissue disorders, and endometriosis. There are also reported



reproductive abnormalities as menstrual dysfunction, reduced ovarian reserve, and impaired

semen quality in males. Respiratory symptoms, such as chronic cough and dyspnea, are

associated with airway epithelial damage, whereas gastrointestinal manifestations may

present as nausea, constipation, abdominal pain, and dysbiosis particularly with reduced

abundance of butyrate-producing bacteria (www.who.int; Zaidi & Dehgani-Mobaraki, 2024).

While numerous biological mechanisms are under consideration, increasing evidence

suggests that SARS-CoV-2 persistence contributes to PCC through the formation of tissue-

based viral reservoirs which sustain inflammation, impair immune responses, and disrupt

cellular function, even though infection was initially expected to be transient in immuno-

competent patients. In support of this, single- or double-stranded viral RNA or proteins have

been detected weeks after the acute infection in multiple tissues such as the gut, or in host

cells such as platelets and megakaryocytes. Immune responses, suggesting persistent viral

antigen stimulation, have also been described. Some reports have detected SARS-CoV-2

proteins in plasma up to 14 months after infection, indicating the release from tissue reservoirs

into circulation (Proal et al., 2024). Moreover, autopsy studies have found viral RNA or protein

in tissues such as the brain, nerves, and eyes, months after the infection onset. Evidence

suggests that reservoir formation could begin during acute infection and could be influenced

by both host and viral factors, with immune system failure to completely eliminate the virus

being one of the main causes of reservoir persistence. Additionally, higher initial viral loads,

extended viral shedding, and severe acute illness have all been associated with subsequent

PCC (Stein et al., 2022; Lu et al., 2024). As shown in Figure 8, once established, the viral

reservoir can be maintained by several mechanisms: viral RNA may persist without producing

new virions, may be translated to elicit immune responses, or may replicate slowly or

sporadically, infecting additional cells leading to the fluctuating symptoms of long COVID.

Antivirals offer a direct approach to target the viral reservoir by inhibiting specific steps in the

replication cycle and preventing the generation of new virions. Agents like nirmatrelvir–ritonavir

and remdesivir are being studied in long-COVID trials. Monoclonal antibodies (mAbs) are also

promising, as they not only neutralize replicating viruses but can also mediate elimination of

viral proteins (Proal et al., 2024).



Figure 8. SARS-CoV-2 reservoir in long COVID (Proal et al., 2024)

1.6  SARS-CoV-2 evolution
During replication in host cells, viruses accumulate mutations at a high rate, which may provide

evolutionary advantages under selective pressures such as antiviral drugs, immune responses,

or increased transmissibility (Tao et al., 2021). In SARS-CoV-2, the combination of a broad host

range, recombination capacity, and widespread circulation has further promoted the

emergence of new variants, many of which carry adaptive mutations in the spike protein (Vega

et al., 2022). Consequently, since the beginning of the pandemic, the virus’s mutational ability

was linked to an increased global public health risk, leading to the definition of a variant as a

viral genome with one or more non-synonymous mutations in the spike region as compared to

the Wuhan-Hu-1 reference ancestral genome. Indeed, the emergence of variants at the end of

2020 prompted the WHO to adopt Greek letters to classify them into Variants of Interest (VOIs)

and Variants of Concern (VOCs), aiming to prioritize global surveillance and research



Next strain clade Genetic features

Date of
Pango Earliest documented designation and
lineage samples risk

assessments

JN.1* 24A BA.2.86 + S:L455S 25-08-2023

18-12-2023

JN.1 Initial Risk
Evaluation 18

December 2023

JN.1 Updated
Risk Evaluation 9

February 2024

JN.1 Updated
Risk Evaluation
15 April 2024

(www.who.int). Greek letters have been conserved for VOCs until March 2023, while VOIs have

been designated by validated scientific nomenclature such as Nextstrain and Pango (e.g.,

XBB.1.5/23A for the latest VOI). Additionally, the Variant Under Monitoring (VUM) category was

introduced to identify variants with genetic changes suspected to affect viral characteristics

and with preliminary evidence of a growth advantage over other circulating variants

(ww.who.int). Current VUMs and VOI are listed in tables 1 and 2. Although SARS-CoV-2

continues to evolve in multiple variants, it is known to have a lower mutation rate compared to

most other RNA viruses (Tao et al., 2021). This feature is mainly due to its large genome and to

the presence of proofreading exonuclease ExoN, which removes mis-incorporated nucleotides

during transcription, thereby limiting replication errors. Indeed, coronavirus exonucleases have

Table 1. Currently circulating variants of interest (VOIs) (as of 2 December 2024) * Excludes JN.1 sublineages
listed as VUMs. Adapted from www.who.int



Earliest
Genetic features documented

samples

Pango Next strain Date of designation and risk
lineage clade assessments

KP.3.1.1 24E KP.3 + S:S31- 27-03-2024 19-07-2024
JN.1 + S:T22N,

S:F59S, S:F456L,
S:Q493E,
S:V1104L

24-09-2024
XEC 24F 26-06-2024 XEC Initial Risk Evaluation 09

December 2024

JN1 + S:S31-,
S:F186L, S:R190S,

S:K1086R,
S:V1104L

S:R346T, 24-01-2025
LP.8.1 25A S:V445R, S:F456L, 01-07-2024 LP.8.1 Initial Risk Evaluation 03

S:Q493E, February 2025

JN1 + S:T22N,

S:Q493E

S:F59S, 23-05-2025
NB.1.8.1 25B S:G184S,S:A435S, 22-01-2025 NB.1.8.1 Initial Risk Evaluation 23

S:F456L, S:T478I, May 2025

JN1 + S:T22N,
S:S31P, S:K182R,

S:R190S,
S:R346T,
S:K444R,

S:V445R, S:F456L,
S:N487D,

S:Q493E, S:T572I

25-06-2025
XFG 25C 27-01-2025 XFG Initial Risk Evaluation 25 June

2025

been shown to decrease replication errors by 15–20-fold in vitro, providing a mutation rate

approximately 10-fold lower than the influenza virus in vivo (Tao et al., 2021).

Table 2. Currently circulating variants under monitoring (VUMs) (as of 4 september 2025). Adapted from www.who.int

Despite this proofreading capability, SARS-CoV-2 still evolves into multiple variants because

ExoN’s activity, by decreasing the error rate, is able to increase the propensity of viral

recombination when variant with different mutations infect the same host (Gribble et al., 2021;

Tao et al., 2021). Moreover, there are several additional mechanisms that contribute to the

accumulation of mutations: (i) RNA editing by host APOBEC and ADAR enzymes (Tao et al.,

2021), (ii) insertions and deletions evading ExoN proofreading, and (iii) the extremely large

pandemic population size and prolonged duration of the pandemic (Tao et al., 2020; Saramago

et al., 2021; www.who.int). Together, these processes drive SARS-CoV-2 antigenic drift,



particularly in viral regions recognized by the immune system, such as the spike-encoding

region, thereby contributing to the failure to establish long-term immunity after infections.

The first major Spike protein mutation, D614G, was detected in January 2020. This substitution

likely emerged to stabilize the protein, possibly linked to the acquisition of the novel furin-

cleavage site. Indeed, both the furin-cleavage site and the D614G mutation were conserved

throughout the pandemic, demonstrating their critical role in transmission and infectivity (Chen

et al., 2025). After nearly two years of viral evolution, the first Omicron variant emerged at the

end of 2021, exhibiting increased transmissibility and immune evasion compared to the Delta

variant, becoming the fifth and last so called global VOC. During 2022, Omicron B.1.1.529

evolved in a plethora of sublineages, from BA.1 to BA.5, as well as recombinant lineages such

as the XBB, which then dominated the first half of 2023. Afterwards, toward the end of 2023,

JN.1 (BA.2.86.1.1), derived from BA.2.86, became the dominant strain. This lineage gained an

unprecedented number of mutations: it has more than 70 additional mutations in the spike

protein compared to Wuhan-Hu-1 strain. In 2024 new lineages including KP.3, LB.1, and

KP.3.1.1 emerged, with KP.3.1.1 spreading mostly starting from September 2024, being

classified as VUM. While most variants increased receptor-binding affinity via mutation in the

RBD, JN.1 showed reduced ACE2 affinity compared to BA.2.86, likely due to the L455S amino

acid substitution. Interestingly, the Q493E mutation of KP.3 alone decreased ACE2 binding

affinity, but, when combined with L455S and F456L substitutions, ACE2 affinity was restored to

high levels (Chen et al., 2025). These observations highlight the adaptive strategy of the most

recent SARS-CoV-2 Omicron variants: balancing reduced receptor binding to evade antibodies

neutralization with 'compensatory' mutations that restore or enhance binding affinity. In

addition to the modulation of the receptor affinity, mutations in the spike protein can alter viral

fusogenicity, another key determinant of infectivity. Earlier Omicron subvariants such as BA.1

and BA.2 could not form cell syncytia and appeared to rely more on endocytosis to enter host

cells, possibly due to an altered furin cleavage site. In line with this, the JN.1 subvariant shows

reduced pathogenicity in animal models and lower disease severity in humans (Chen et al.,

2025). As SARS-CoV-2 continues to evolve under selective pressures, new variants with

advantageous mutations in the N-terminal domain (NTD) have emerged; for example, KP.3.1.1

and XEC recently became dominant, carrying unique NTD changes such as Ser31del,

Thr22Asn, and Phe59Ser.  JN.1 sublineages such as LP.8.1 are now replacing them due to

growth advantages. Particularly, the emergence of KP.3.1.1 and XEC compromised ACE2



binding strength affecting their fitness but enhancing their immune evasion ability. In contrast,

LP.8.1 was able to preserve ACE2 binding as KP.3, while obtaining immune evasion capabilities

Figure 9 SARS-CoV-2 variants and main mutations (Liu et al., 2025)

similarly to XEC. These characteristics highlight the trade-off between immune evasion and

ACE2 binding strength, demonstrating the importance of monitoring the currently circulating

LP.8.1 variant (Figure 9) (Liu et al.,2025). Overall, the first omicron variant that appeared in 2021

and its progeny are characterized by high immune escape ability, reduced pathogenicity, and

elevated transmissibility. The continuous re-emergence of lineages such as BA.2.86, JN.1,

KP.3.1.1, and LP.8.1 emphasize the adaptive nature of the virus, further supporting the need for

global surveillance of SARS-CoV-2 spread and evolution (Liu et al., 2024; Kaku et al,2024).

1.7 Current measure to counteract COVID-19: monoclonal antibodies,

vaccines and antivirals.

Since its emergence in 2020, COVID-19 has prompted extensive research and the development

of multiple therapeutic options and vaccines. However, their efficacy has been challenged by

ongoing viral evolution, leaving the optimal treatment and protection strategies for high-risk

patients uncertain.

1.7.1 Monoclonal Antibodies
Monoclonal antibodies (mAbs) are recombinant proteins that can be obtained from B cells of

convalescent patients or from humanized mice exposed to SARS-CoV-2 antigens. These

antibodies exert their activity by neutralizing the virus and preventing its entry into host cells

(Taylor et al., 2021, www.ema.europa.eu). During the first 2 years of the pandemic, FDA (Food

and Drug Administration) authorized emergency use of multiple mAbs such as bamlanivimab,

etesevimab, casirivimab, imdevimab, sotrovimab, tixagevimab, and cilgavimab. However,

since the emergence of Omicron variant, none of them have been effective for hospitalized

people with COVID-19 due to the high number of mutations in the spike protein, and

consequently their emergency use authorization has been progressively revoked (Focosi et al.,

2024, Iketani et al., 2022).  Indeed, the main issue with mAbs against SARS-CoV-2 is that



ongoing mutations acquisition in the Spike glycoprotein leads to immune evasion, resulting in

their reduced efficacy. Administering more than one mAb together was an initially promising

strategy; however, this approach quickly became ineffective with the advent of Delta VOC and

remained ineffective against subsequent Omicron VOCs (Focosi et al., 2024). As a result, all

SARS-CoV-2 mAbs have had their authorizations withdrawn.

Evolution of Monoclonal Antibody Therapy during the COVID-19 Pandemic
Two of the first produced mAbs were casirivimab and imdevimab, which were obtained from

humanized mice and convalescent patients. They were designed to target different regions of

the SARS-CoV-2 spike protein simultaneously, providing enhanced resistance over individual

antibodies. Initial in vitro studies and clinical use were successful for treatment and post-

exposure prophylaxis until the emergence of the BA.1 (Omicron) variant: some mutations of the

spike protein, S371L and Q493R for casirivimab and S371L, N440K, and G446S for imdevimab,

made the combination ineffective. Subsequent Omicron sublineages, such as BA.2 and

BA.4/5, had preserved or even boosted these resistance mutations, which ultimately led to the

withdrawal of the approval of the antibodies (Iketani et al., 2024).

This also occurred with bamlanivimab and etesevimab, which were obtained from

convalescent patients. Both were originally approved for treatment and post-exposure

prophylaxis, but these antibodies lost efficacy against BA.1 due to the E484A and Q493R

mutations for bamlanivimab, and S371L, K417N, Q493R, N501Y, and N856K for etesevimab.

For this reason, similarly to casirivimab/imdevimab the authorization was revoked (Iketani et

al., 2024).

Sotrovimab, isolated from a SARS-CoV-infected patient in 2003, was an exception in that, as it

initially retained a partially activity against BA.1. However, resistance emerged in BA.2 with the

S371F mutation. This reduction in effectiveness led to the revocation of its emergency use

authorization, despite vivo testing suggesting that there may be some residual antiviral effect

remaining, possibly due to immune effector mechanisms or reduced pathogenicity of Omicron

(Iketani et al., 2024).

Tixagevimab and cilgavimab were initially effective for treatment and prophylaxis. Both

antibodies were active until the emergence of BA.1, that acquired resistance-conferring

mutations (S371L, E484A, Q493R for tixagevimab; G446S for cilgavimab). There was a partial

recovery with BA.2 and BA.4/5 due to residual potency of cilgavimab, whereas tixagevimab was



inactive. Despite that, with the following sublineages BQ and XBB, there was the acquisition of

further resistance mutations (R346T, K444T, V445P), leading to loss of efficacy of the

combination (Iketani et al., 2024).

Bebtelovimab initially exhibited broad activity against all presently circulating SARS-CoV-2

variants, such as Omicron sublineages through BA.4/5, with modest reductions against

BA.2.75. However, the later emergence of BQ and XBB sublineages made the antibody

completely ineffective due to K444T and V445P mutations. The other monoclonal antibodies

such as regdanvimab and amubarvimab/romlusevimab followed the same route, as they were

all ineffective against BA.1 variant (Iketani et al., 2024).

Summing up, while mAbs initially presented a powerful tool against COVID-19, the rapid

evolution of SARS-CoV-2, particularly with the emergence of Omicron and its sublineages, has

introduced worldwide resistance, leading to the revocation of many authorizations (Iketani et

al., 2024).

Despite that, most recently, the European Union's Committee for Medicinal Products for

Human Use (CHMP) gave to Sipavibart, a new generation mAb designed to overcome this

challenge, a positive opinion (Keam et al., 2025). Sipavibart has demonstrated broader

neutralizing activity against historical as well as numerous recent SARS-CoV-2 variants,

including XBB.1.5, XBB.1.16, XBB.2.3, and BA.2.86. On 20th January 2025, this mAb was

approved in the EU for pre-exposure prophylaxis of COVID-19 in adults and adolescents aged

≥12 years and weighing ≥40 kg who are immunocompromised due to underlying medical

conditions or immunosuppressive therapy (Keam et al., 2025). However, based on in vitro

studies, Sipavibart is not active against JN.1 sublineages KP.1.1, LB.1, and KP.3.3, all of which

carry the F456L mutation (Keam et al., 2025). Other RBD escape mutations, including T415I and

K458E, were also associated with reduced susceptibility in vitro (Keam et al., 2025). In view of

this, EMA (European Medicines Agency) advises healthcare professionals to check the current

epidemiological situation in their region and avoid usage of Sipavibart when variants carrying

the F456L mutation are prevalent (www.ema.europa.eu).



1.7.2 Antiviral drugs
Since the beginning of the pandemic, several new or repurposed therapeutics have been

developed against SARS-CoV-2, targeting different steps of viral cycle, such as blocking viral

entry or inhibiting viral replication. It is crucial that antivirals are administered during the early

stage of infection, before the onset of cytokine storm, since immune hyperactivation induced

by uncontrolled viral replication cannot be mitigated by them (Chavda et al., 2022). Currently

the EMA and the Italian Medicines Agency (AIFA) list remdesivir (RDV) and nirmatrelvir/ritonavir

(NRM/RTV) as the direct-acting antivirals (DAAs) approved for the treatment of COVID-19

(www.aifa.gov.it; www.ema.europa.eu). The U.S. Food and Drug Administration (FDA) has also

approved molnupiravir (MNP) for the treatment of adults with mild-to-moderate COVID-19 who

are at high risk of severe COVID-19 progression, including hospitalization or death

(www.fda.gov). However, EMA refused the authorization of MNP in the European Union, as the

Committee for Medicinal Products for Human Use (CHMP) concluded that clinical benefit was

not convincingly demonstrated in adults at risk of severe COVID-19 and that the overall risk-

benefit balance could not be established (ww.ema.europa.eu).

Molnupiravir

MNP is an orally administered prodrug (EIDD-28/MK4882) and its active form is a nucleoside

analog β-d-N4-hydroxycytidine (NHC, or EIDD-1931). It was originally developed at Emory

University for the treatment of alphaviruses infections (such as Venezuelan equine encephalitis

virus), but it is effective against a wide range of viruses such as influenza viruses and

coronaviruses. MNP is converted into its active metabolite NHC, which acts as a pyrimidine

analog for the RdRp, resulting in lethal mutagenesis for the virus (Focosi et al., 2024).

Remdesivir

RDV is an inhibitor of viral RNA polymerase (ww.ema.europa.eu). It is a repurposed drug,

previously approved for the treatment of Ebola Virus infection, influenza viruses and multiple

coronaviruses (Vicenti et al.,2021). It interferes with the production of viral RNA by targeting the

viral RdRp, causing the early termination of the new RNA chain elongation. RDV itself is an

inactive prodrug that must be metabolized within cells to produce remdesivir-triphosphate, the

active metabolite, which is an adenosine analogue. As is well known, the ability of SARS-CoV-2

to rapidly mutate represents a major challenge for antiviral therapies. However, RDV appears to

have a relatively high barrier to resistance, remaining active in vitro against all major SARS-



CoV-2 sublineages and VOCs (Focosi et al., 2024). RDV is approved for use in adults and

children from 4 weeks of age and weighing at least 3 kg, who present pneumonia and/or are at

increased risk of developing severe COVID-19. The drug is administered as a once-daily

intravenous infusion:

• In patients with pneumonia requiring supplemental oxygen, the recommended

treatment duration is at least 5 days, and up to a maximum of 10 days.

• In patients who do not require supplemental oxygen, therapy should be initiated within

7 days of symptom onset and continued for 3 days (ww.ema.europa.eu).

The most common adverse reactions to RDM are increased blood levels of liver enzymes and

nausea. For this reason, current guidance recommends discontinuation of therapy if

transaminases levels exceed 10 times the upper limit of normal, especially if accompanied by

clinical symptoms of liver inflammation (Focosi et al., 2024; ww.ema.europa.eu).

Nirmatrelvir/Ritonavir

NRM is an inhibitor of the SARS-CoV-2 main protease (Mpro), also known as 3C-like protease

(3CLpro), a chymotrypsin-like cysteine protease essential for viral replication. To enhance its

pharmacokinetics, NRM is co-administered with RTV, an inhibitor of CYP3A4 hat reduces NRM

metabolism and, consequently, extends its plasma half-life (Focosi et al., 2024;

ww.ema.europa.eu). Since the emergence of Omicron sublineages, SARS-CoV-2 Mpro has been

subjected to mutations such as  P132H. Importantly, these changes have not affected the

catalytic site, and NRM/RTV has retained in vitro and in vivo efficacy against a broad range of

Omicron sublineages including BA.1, BA.1.1, BA.2, BA.2.12.1, BA.4, BA.5, BA.2.75, BQ.1.1, and

XBB. The most common side effects of NRM/RTV are dysgeusia, diarrhea, headache and

vomiting. One of the major issues with this combination are drug/drug interactions: RTV can

increase blood levels of many medications that are catabolized by CYP3A4 (anticoagulants,

anticonvulsants, immunosuppressants, cyclosporine A). Moreover, co-administration with

CYP34A inducers may reduce NRM or RTV plasma concentration, impairing their efficacy

(Focosi et al., 2024). NRM/RTV is administered orally twice daily for 5 days. It should be initiated

as soon as possible after diagnosis and within 5 days of symptom onset of

(ww.ema.europa.eu). It is important to highlight that the administration of NRM/RTV has been

associated with events of virological rebound (also reported for MNP), causing an increased

potential of virus transmission and the reappearance of symptoms. A mechanism that is



thought to cause the virus rebound is the attenuation of the specific antibody and T-cell

response caused by early NRM/RTV treatment (Focosi et al., 2024; ww.ema.europa.eu).

1.7.3 SARS-CoV-2 vaccines
Vaccines remain a cornerstone in the control of the COVID-19 pandemic, and enormous efforts

have been dedicated to the development of anti-SARS-CoV-2 vaccines design to elicit robust

antibody responses capable of blocking and neutralizing the virus. According to the WHO

statistics, since the first COVID-19 vaccine was deployed on 22 July 2020, more than 13,64

billion vaccine doses has been administered worldwide (www.who.net, last access August

2025).

SARS-CoV-2 vaccine platforms can be broadly categorized into viral component-based and

whole virus-based approaches. The first one includes protein subunits, virus-like particles,

DNA-based vaccines, RNA-based vaccines, and both non-replicating and replicating viral

vectors. Whole-virus-based vaccines, in contrast, include inactivated and live-attenuated

vaccines. In this context, recombinant vaccines, containing only selected antigenic structures

of the virus, have emerged as particularly advantageous. They reduce the risks associated with

live-attenuated vaccines, while providing strong efficacy and safety profiles. Their role in

decreasing the global burden of COVID-19 and other viral diseases has been highly promising,

as confirmed by ongoing clinical and real words studies. Since the pandemic began, the

vaccine landscape has evolved through distinct generational phases:

• First-generation vaccines (2020–2021): mRNA vaccines (e.g., BNT162b2, mRNA-1273)

and adenoviral vector vaccines (e.g., ChAdOx1 nCoV-19, Ad26.COV2.S) formed the

cornerstone of initial global immunization campaigns.

• Second-generation vaccines (2022–2023): protein subunit vaccines (e.g., NVX-

CoV2373) were introduced, alongside bivalent mRNA boosters adapted to early

Omicron lineages (BA.1, BA.4/BA.5).

• Third-generation vaccines (2023–2025): updated monovalent boosters targeting more

recent variants of concern, including XBB.1.5 and JN.1, were deployed to restore

protection against evolving strains.

 A number of recombinant vaccine candidates have entered clinical trials, with some of them

completing phase III studies and receiving regulatory approval from medical agencies for

broader use (Yadav et al., 2023). Currently, five COVID-19 vaccines are authorized by EMA: the



protein subunit vaccines Bimervax and Nuvaxovid and the mRNA-based vaccines Comirnaty,

Kostaive and Spikevax (ww.ema.europa.eu). Evaluating the duration of vaccine-induced

protection against SARS-CoV-2 is particularly challenging due to the continuous emergence of

immune-evading variants. During the pandemic, vaccination schedules were adapted

according to infection peaks and the occurrence of reinfections caused by novel variants.

Booster doses, essential to prevent waning immunity, are generally recommended for

individuals at higher risk of reduced vaccine efficacy, such as immunocompromised patients

(Chavda et al., 2022; Trilla et al.,2025). In most countries, vaccination strategies have evolved

from the initial goal of universal vaccination to a more targeted approach, focusing on high-risk

groups, who typically receive one or two booster doses per year. High-risk groups include:

• Individuals aged ≥60 years

• Patients with moderate or severe immunosuppression

• Patients with comorbidities or chronic diseases

• Pregnant women

• Resident of long-term care facilities

• Health care workers (HCWs) and long-term facility workers.

While this approach aims to maximize protection for vulnerable populations and adapt to the

changing epidemiological landscape, an emerging concern is the decline in COVID-19

vaccination coverage. This trend may be attributed to several factors, including the perception

of COVID-19 as a less severe disease and the reduced enforcement of vaccination

recommendations by health authorities and healthcare professionals. Indeed, the percentage

of the population receiving booster doses with updated vaccines has decreased with each

successive season. In this context, it is crucial to adapt control and prevention strategies to the

needs of vulnerable populations. This involves designing targeted vaccination programs and

ensuring the allocation of adequate resources and funding for their effective implementation.

For the 2024–2025 COVID-19 vaccination campaign, the WHO, EMA, and FDA have issued

recommendations, highlighting the use of updated monovalent vaccines, containing antigens

from the Omicron JN.1 or KP.2 variants, which are expected to provide enhanced protection

compared to previous bivalent formulations (Trilla et al., 2025).



1.8 New strategies against SARS-CoV-2

1.8.1 Host-targeted antivirals (HTAs)

Recently, host-targeting antivirals (HTAs) have been investigated as a novel strategy for the

treatment of viral infections. This class of antivirals is particularly interesting because, unlike

DAAs that target viral proteins or factors, they act on host cell pathways. Moreover, since

numerous viruses rely on similar host pathways, HTAs could offer a particularly promising

broad-spectrum antiviral effect (He et al., 2024; Zheng et al., 2022). Although viruses may

develop resistance to HTAs by adapting their replication to use alternative host pathways, HTAs

still have a higher genetic barrier compared to DAAs, as mutations conferring resistance in host

cell genes are extremely rare and usually limited to germline variations or tumor cells. In

addition, HTAs and DAAs can be combined to simultaneously target both viral components and

Figure 9 Mode of action of host-targeted small molecule inhibitors against SARS-CoV-2 in clinical trials.

host factors, thereby enhancing antiviral activity and increasing the barrier to resistance.



However, despite their high genetic barrier and potential combinatorial activity with DAAs, HTAs

may still present some limitations that should be considered, including cytotoxicity, off-target

effects, and regulatory barriers (Schreiber et al., 2024). Even so, given that is a recent area of

research, several HTAs are currently being developed or repurposed for a better understanding

of their effects. Here, we will discuss some examples of HTAs and their mechanisms of action.

Imatinib and Bemcentinib are both AXL kinase inhibitors able to prevent viral entry, as SARS-

CoV2 can avoid canonical ACE2 pathway by using the AXL receptor as an alternative route. In

particular, Imatinib could be an interesting option as it is a repurposed drug previously used in

myeloid leukemia, and its toxicity and safety profile is already well documented (Wang et al.,

2021).

Bromhexine hydrochloride is another repurposed drug, traditionally used as a mucolytic agent

with a well-established safety profile. Beyond its classical mechanism of action, it can also

inhibit TMPRSS2, which, as previously described, is crucial for viral entry. Another TMPRSS2

inhibitor is Nafamostat Mesylate, although clinical results regarding this drug have been

inconsistent (Schreiber et al., 2024).

Continuing with the idea of adapting existing drugs against SARS-CoV-2 infection, another

agent is Fluvoxamine, a selective serotonin reuptake Inhibitor (SSRI). It has demonstrated

antiviral activity by altering the acid sphingomyelinase/ceramide pathway, which promotes the

formation of ceramide-rich membrane domains required for viral docking and entry, thereby

blocking viral uptake. Fluvoxamine is an attractive candidate also because it is inexpensive,

widely available, and safe for long-term use (Carpinteiro et al., 2021; Hashimoto, 2023).

While the previous examples focused on drugs targeting viral entry, HTAs can also interfere with

host metabolic and translational mechanisms critical for viral replication. IMU-838 is a

selective human dihydroorotate dehydrogenase (DHODH) inhibitor, which interferes with

pyrimidine biosynthesis, thereby possibly blocking viral genome replication (Hahn et al., 2020).

Similarly, Plitidepsin, an inhibitor of the eukaryotic translation factor eEF1A involved in protein

biogenesis, has demonstrated strong antiviral activity in preclinical models by inhibiting viral

polyprotein translation (Schreiber et al., 2024; White et al., 2021). Finally, in line with these

strategies, Probenecid and Zapnometinib have also shown antiviral activity against SARS-CoV-

2. Probenecid, traditionally used to treat gout, has demonstrated antiviral effects, although its

precise mechanism remains unclear. Zapnometinib, an inhibitor of MEK1/MEK2, is able to



prevent viral entry and replication, as the MEK1/2 pathway appears to be involved in the

formation of infectious viral particles. Moreover, it can also suppress the hyperinflammatory

response observed in severe COVID-19 (Schreiber et al., 2024).

In summary, HTAs such as Bemcentinib, Bromhexine, Fluvoxamine, Imatinib, IMU-838,

Nafamostat mesylate, Plitidepsin, Probenecid, and Zapnometinib illustrate the wide range of

host pathways (Figure 9) that can be targeted to inhibit SARS-CoV-2. The majority of these

molecules have shown promising results in preclinical studies and early clinical trials.

However, in the absence of large-scale, randomized phase 2 and 3 trials, it is not yet possible

to draw firm conclusions about their therapeutic potential. While early reports are encouraging,

the overall evidence remains limited, highlighting the urgent need for robust studies to

determine the clinical efficacy of these HTAs in the treatment of COVID-19.

1.8.2 Compounds targeting Heparan Sulfates

Heparan sulfate proteoglycans (HSPGs) are abundantly expressed on epithelial cells, where

they participate in cell adhesion and signaling processes. Importantly, HSPGs can act as co-

Figure 10. The diverse role of heparan sulfate and other GAGs in SARS-CoV-2 infections and therapeutics Friederike Eilts



receptors for SARS-CoV-2 entry (Figure 10). The negatively charged heparan sulfate (HS) chains

of HSPGs electrostatically interact with basic amino acids on viral surface proteins, promoting

virion clustering on the cell membrane and facilitating subsequent interaction with the ACE2

receptor (Figure 10). Mutations present in Omicron variants, such as Q493R, Q498R, and

Y505H in BA.1/BA.2, and Q498R and Y505H in BA.4/BA.5, replace uncharged residues with

basic ones, likely enhancing binding affinity to HS. Notably, the Omicron receptor-binding

domain (RBD) is also characterized by a unique hairpin loop (residues 369–379) and an

increased positive electrostatic potential which, together with an expanded ACE2-binding

interface, may further modulate heparin-binding affinity compared to wild-type (WT) and Delta

SARS-CoV-2 (Gelbach et al., 2022). In this context, several studies using surface plasmon

resonance (SPR) have confirmed direct binding between HS and the SARS-CoV-2 spike protein.

Moreover, heparin, a highly sulfated analog of HS, has been shown to inhibit SARS-CoV-2

infection by masking basic residues within the receptor-binding domain (RBD) and the

multifunctional S1/S2 region, thereby preventing viral attachment and entry (Eilts et al., 2023;

Paiardi et al., 2022). The use of heparin or other HSPG-related compounds may therefore

represent a promising therapeutic strategy, exploiting the virus’s affinity for HS to counteract

viral entry itself. Indeed, heparin and its derivatives can bind to the spike protein, preventing the

virus from attaching to HS on host cells. Additionally, they inhibit viral entry by physically

blocking the furin cleavage site and preventing the spike protein from adopting the ‘open’

conformation required for ACE2 binding. Beyond their antiviral activity, heparin and related

compounds, also possess anticoagulant and anti-inflammatory properties, which are highly

relevant to COVID-19 pathophysiology, particularly in the context of thrombosis and

hyperinflammation (Figure 11).
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Figure 11 The diverse role of heparan sulfate and other GAGs in SARS-CoV-2 infections and therapeutics Friederike Eilts



1.8.3 Synergistic strategies to inhibit SARS-CoV-2 Infection
Although the World Health Organization declared the end of the COVID-19 emergency in May

2023, SARS-CoV-2 continues to circulate endemically and remains a major cause of severe

illness among high-risk groups (Semenzato et al., 2022; Turtle et al., 2023). In this context,

antiviral strategies remain a critical area of investigation and combinations of antiviral regimens

represent an attractive approach, as they may have several advantages:

• Enhanced efficacy: the use of a synergistic strategy with compounds acting at different

stages of the viral life cycle, allows for lower drug dosages.

• Prevention of resistance: as demonstrated in HIV and HCV treatment, combination

therapy limits the evolution of drug-resistant viral mutants.

The prevention of resistance is particularly relevant for SARS-CoV-2, as virus evolution in

immunocompromised patients, who may experience prolonged viral loads, can lead to the

emergence of VOCs. While combination of antiviral treatments has proven to be effective for

other chronic RNA viruses, there is currently no approved combination treatment against SARS-

CoV-2 (Wagoner et al., 2022). DAAs may not completely prevent progression to severe disease,

and their clinical use is limited by drug–drug interactions (e.g., NRM) and less practical

administration routes (e.g., RDV) (Del Borgo et al.,2023). For instance, cotreatment with host-

targeting antivirals (HTAs), such as TMPRSS2 inhibitors (camostat, nafamostat, avoralstat), and

MNP, demonstrated strong synergistic inhibition of SARS-CoV-2 replication in lung epithelial

cells, with activity against Beta and Delta variants. Similarly, MNP combinations with brequinar

(inhibitor of pyrimidine synthesis) or with NRM/r, showed synergistic activity compared to

monotherapy, as these regimens target distinct stages of the viral life cycle (entry and

replication, respectively), enhancing efficacy and limiting viral evolution and resistance

(Wagoner et al., 2022). Clinical data also support these findings: a study by Mikulska et al., 2023

showed that among 22 highly immunocompromised patients with chronic/relapsing SARS-

CoV-2 infection, combination therapy showed promising outcomes. Eighteen patients (82%)

received a full triple therapy: two antivirals (RDV and NRM/r in 17 cases and RDV with MNP in 1)

plus monoclonal antibodies (tixagevimab/cilgavimab in 15 patients and sotrovimab in 3). The

remaining four patients (18%) were treated with double antiviral therapy (remdesivir and

nirmatrelvir/r in 3 cases and remdesivir and molnupiravir in 1). Viral sequencing was possible

for 18 patients, revealing one Delta variant, while the rest belongs to different Omicron



subvariants. Overall, treatment was associated with an early virological response as well as a

combined virological and clinical response by day 30 after initiation (Mikulska et al., 2023).  As

is widely known, immunocompromised patients are at particularly high risk of severe and

persistent SARS-CoV-2 infection due to impaired humoral responses. A prospective cohort

study (Calderón-Parra et al., 2024) comparing monotherapy with combination therapy (SOT

plus RDV in 39 patients or NRM/r in 4 patients), showed that combined treatment significantly

reduced the risk of COVID-19 progression, especially in patients with low anti-S IgG titers.

Among 43 patients receiving combination therapy, no cases of progression were observed,

whereas all 12 cases of disease worsening occurred in the monotherapy group. These findings

provide strong evidence that synergistic regimens combining DAAs and mAbs can improve

outcomes in high-risk populations, even against circulating Omicron variants, further

supporting the rationale for combination therapy in vulnerable patients (Calderón-Parra et al.,

2024). In conclusion, the use of antivirals with distinct viral targets, (i.e., RDV, NRM/r, MNP) or

HTAs (i.e., camostat, nafamostat), and mAbs such as SOT in synergistic combinations is a

promising strategy. Such regimens may be especially beneficial for immunocompromised

patients, helping to prevent antiviral resistance and improving clinical outcomes. Further

studies, including animal models and clinical case series, are encouraged to optimize

combination therapy protocols in patients with protracted infections.





2. AIMS
The continuous emergence of SARS-CoV-2 variants might affect transmission rates, disease

progression, vaccine development, and the effectiveness of current therapeutics. At the same

time, long COVID has been recognized as a chronic condition of significant concern within the

scientific and medical community, with no approved treatments. Increasing evidence indicates

that SARS-CoV-2 can persist for months or even years, contributing to long COVID symptoms

and sequelae. This scenario highlights the urgent need for clinical trials targeting chronic viral

infections. In this context, novel therapeutic approaches are being explored. Among these,

heparan sulfate-targeting agents and combination therapies exploiting synergistic antiviral

mechanisms, may be critical for preventing or mitigating long COVID.

The aim of this thesis was to investigate new strategies to counteract SARS-CoV-2 infection.

Specifically, we evaluated the therapeutic efficacy of an HSPG-binding tetrapeptide (LB-1) in

preventing viral entry using a live virus cell-based assays against Omicron BA.1 and BA.5

variants. In parallel, we assessed the cooperative activities of pairwise drug combinations in

vitro using a VERO E6 cell-based assay, infecting cells with either the ancestral B.1 strain or the

highly divergent BQ.1.1 variant. Within this system, pairwise combinations of authorized DAAs

were tested, including nirmatrelvir (NRM), remdesivir (RDV), and the active metabolite of

molnupiravir (EIDD-1931). Furthermore, the effectiveness of RDV in combination with four

monoclonal antibodies (sotrovimab, bebtelovimab, cilgavimab, and tixagevimab) was

evaluated against the susceptible B.1 strain. Collectively, these experiments aimed to assess

the therapeutic potential of an HSPG-binding tetrapeptide, and synergistic drug combinations

as strategies against both early and emerging SARS-CoV-2 variants.





3. Methods

3.1 In Vitro Combinatorial Activity

In vitro experiments

In this study, we tested the combinatorial in vitro activity of antiviral drugs Remdesivir (RDV;

MCE®), Nirmatrelvir (NMR; MCE®) and EIDD-1931, the active form of Molnupinavir (MNP; MCE®)

and biosimilar mAbs bebtelovimab (BEB; ref. PXTA1750-100), sotrovimab (SOT; ref. PXTA1637-

100), tixagevimab (TIX; ref. PXTA1032-100) and cilgavimab (CIL; ref. PXTA1033-100), supplied by

ProteoGenix SAS (Schiltigheim, France). Antivirals were resuspended in 100% DMSO at the

stock concentration of 20 mM for RDV and 10 mM for NRM and EIDD-1931 and the biosimilar

mAbs in phosphate-buffered saline PBS. P-glycoprotein (P-gp) inhibitor (CP-100356

hydrochloride,CE®) was used in the experiments to increase the uptake of the drugs by

inhibiting P-gp, a protein of the cell membrane which can pumps antivirals out of the cell, which

is abundantly expressed on VERO E6 cell lines used in this thesis (Zhu et al.,2022; Fiaschi et al.,

2022). CP-100356 was resuspended in 100% DMSO at a concentration of 10 mM as well.

Half-maximal cytotoxic drug concentration (CC50) of the compounds was determined by

CellTiter-Glo 2.0 Luminescent Cell Viability Assay (Promega) according to the manufacturer’s

protocol as explained in paragraph 2.2. Cytotoxicity Assay. Once determined the CC50, a not-

toxic dose was chosen for each compound and used as starting drug concentration in the

subsequent antiviral assays.

Cell Line used for the assays

VERO E6 (ATCC® CRL 1586TM), an adherent cell line derived from the kidney of the African

green monkey, was used to titrate the viral stocks and to test the antiviral activity of the

combined compounds. VERO E6 cells were propagated in DMEM High Glucose (Euroclone)

supplemented with 10% Fetal Bovine Serum (FBS, Euroclone) and 1% of

Streptomycin/Penicillin (PS) (Euroclone) and passaged at the 70-90% confluence. The same

medium, containing 1% of FBS instead of 10% (infection medium), was used in all experiments

requiring viral infection. Cells were incubated in a humified incubator at 37°C with 5% of CO2

concentration. Uninfected cell cultures were handled in a BSL2 laboratory, whereas all the

infection experiments were performed in a BSL3 containment.



Cytotoxicity Assay

Cytotoxicity assays were performed to assess the cell toxicity of each antiviral compound and

to determine the non-toxic concentration to be used as a starting point for the subsequent

antiviral experiments. To determine cell viability, the CellTiter-Glo 2.0 Luminescent Cell

Viability Assay (Promega, G9241) was used, according to the manufacturer’s instruction. This

highly sensitive method measures the ATP produced by viable cells. The amount of ATP

Figure 12 CellTiter-Glo 2.0

produced is proportional to the cell viability: in non-toxic conditions, cells are viable and in an

active metabolic state, expressing high levels of ATP (Figure 12).

The cytotoxicity of CP-100356 was first assessed to select the concentration that had 90–100%

cell viability. Following determination of the optimal CP-100356 concentration (0.5 µM),

cytotoxicity of RDV, MNP, NRM, BEB, SOT, TIX, CIL with or without CP-100356 was explored. In

addition, cytotoxicity of compound combinations was assessed.

In brief, 6,000 Vero E6 cells/well were seeded in tissue-treated 96-well plates and incubated at

37 °C and 5% CO₂ for 24 h. Compounds were serially 4-fold diluted in duplicates at 6x the

selected working concentrations. For combination assays, 30 µL of one compound dilution was

mixed with 30 µL of another, followed by the addition of 60 µL of CP-100356 (6× stock) resulting

in a final concentration of 1.5 x for CP-100356 and the compounds. The mixtures were then

added to the cells and incubated for 1 h at 37 °C in 5% CO₂. After incubation, 60 µL of fresh

medium was added to each wells to mimic the virus addition step in the antiviral assay and to

adjust all compounds, including CP-100356, to a final concentration of 1x. Cells were then



incubated for 72 h at 37 °C in 5% CO₂. Cytotoxicity was then measured by the CellTiter-Glo® 2.0

Luminescent Cell Viability Assay (Promega, Madison, WI, USA) following the manufacturer's

instructions. Each plate had mock control (negative control, cells only), a DMSO control curve,

and a toxicity control (100% DMSO). Luminescence was measured using the GloMax® Discover

Multimode Microplate Reader (Promega), and data were plotted using GraphPad Prism

software version 9.0 (La Jolla, CA, USA).

The half-maximal cytotoxic concentration (CC₅₀) and 90% cell viability corresponding

concentration (CC₁₀) were calculated by non-linear regression analysis of dose–response

curves from the ECanything function in GraphPad Prism. The CC₁₀ values were subsequently

used as the starting concentrations for the antiviral activity assays.

Viral stocks

The SARS-CoV-2 stocks used for the experiments included the wild type B.1 (EPI_ISL_2472896)

and the Omicron BQ.1.1 (EPI_ISL_17257516) variant, kindly provided by the Department of

Biomedical and Clinical Sciences Luigi Sacco, University of Milan, Italy.

Viral Titration Assay

Before performing in vitro experiments, the viral stocks were titrated in VERO E6 cell line to

determine the tissue culture infectious doses for milliliter (TCID50/ml), which is defined as the

dilution of viral stock required to infect 50% of a given cell culture (Lei et al., 2020). The optimal

incubation time (72h) and the experimental conditions (e.g. cell confluence) were previously

set up in propagation experiments (Vicenti et al., 2021), and were maintained in titration, live

virus neutralization and phenotypic assays.

To perform the titration, six replicates of 5-fold serial dilution of each viral stock were made and

transferred into a 96-well plate containing 6,000 pre-seeded VERO E6 cells per well and

incubated for 72h at 37°C supplemented with 5% CO2. In each plate a mock control (uninfected

cells) was included to normalize the results. The cell viability and consequently the TCID50 was

determined by CellTiter-Glo 2.0 Luminescent Cell Viability Assay (Promega) using the

instrument GloMax® Discover Multimode Microplate Reader (Promega).



 Antiviral Activity Assay
The combination of various DAA drugs (NRM/EIDD-1931, NRM/RDV, and RDV/EIDD-1931) was

evaluated against the B.1 and BQ.1.1 variants. In addition, RDV was tested in combination with

four mAbs (RDV/SOT, RDV/BEB, RDV/CIL, RDV/TIX), since their parenteral route of

administration makes them clinically compatible. These mAb/antiviral combinations could be

tested only against the prototype strain B.1, since none of the mAbs selected were found to be

active against the variant BQ.1.1.

To generate the dual-drug matrices, six 4-fold serial dilutions of the first drug were mixed with

six 4-fold serial dilutions of the second drug in 96-well plates, resulting in 36 distinct conditions

in a two-dimensional matrix. For the combination treatments, CP-100356 was also included,

and the compounds mixtures were incubated for 1 h at 37 °C on pre-seeded, semiconfluent

VERO E6 cells, and subsequently infected with B.1 or BQ.1.1 viral stocks at a MOI of 0.005.

For the mAb/antiviral combinations, B.1 viral stocks were pre-incubated at 37 °C for 1 h with

serial dilutions of the mAbs and then used at 0.005 MOI to infect VERO E6 cells pretreated with

serial dilutions of the DAAs. In both experimental setups, infected cultures were incubated for

72 h at 37 °C with 5% CO₂, and then cell viability was determined through the CellTiter-Glo 2.0

assay as described above. Each plate included four independent dose–response curves of the

compounds, a mock-infected control, and an infection control without antivirals for

normalization. All experiments were independently performed in duplicate.

Dose-Effect Relationships with Compound Combinations
Data from the antiviral activity of compound combinations were analyzed using the

SynergyFinder 3.0 web platform (https://synergyfinder.fimm.fi/). Drug–drug interactions were

quantified using the Zero Interaction Potency (ZIP) model, which estimates synergy by analyzing

shifts in the potency of dose–response curves between single agents and their combinations.

The ZIP approach integrates features of the Loewe additivity and Bliss independence models,

providing a comprehensive framework for interpreting interaction patterns in high-throughput

drug screening (Yadav et al., 2015). Briefly, the Loewe model assumes that two drugs act as if

they were the same, while the Bliss model calculates the expected combined effect

independently from each other. For each drug pair, SynergyFinder reports a global Synergy

Score (SS), which represents the percent change in response to drug interactions compared

with the effects of the individual compounds. For example, a synergy score of 20 corresponds



to a 20% increase in activity above the predicted additive effect. Results are visualized through

two- and three-dimensional synergy maps, where synergistic areas appear in red and

antagonistic regions in green. According to the platform’s thresholds, interactions are classified

as antagonistic (SS ≤ −10), additive (−10 < SS < 10), or synergistic (SS ≥ 10) (Ianevski et al., 2022).

Additionally, the software includes a “weighted synergy” analysis, which emphasizes synergy

observed at lower concentration ranges that are more relevant for minimizing toxicity and

favoring clinical applicability. To validate the computational analysis, drug concentrations

consistently identified as synergistic (SS > 10) were selected for confirmatory assays. In these

experiments, Compound 1 was tested at three fixed concentrations (its IC₅₀ and two successive

two-fold dilutions), combined with six four-fold serial dilutions of Compound 2. The IC₅₀ values

of Compound 2 in the presence of Compound 1 were then compared with the IC₅₀ of

Compound 2 alone, and fold-shifts were calculated as IC₅₀ [Compound 2 alone] / IC₅₀

[Compound 1 + Compound 2].

Statistical Analysis
Since statistical comparison between summary or weighted synergy scores (SS) from different

combinations of compounds were not provided in SynergyFinder 3.0, additional analyses were

performed. Because the summary SS is the mean of all individual SS values derived from

calculation for every tested concentration pair, combinatorial effects overall of the three DAA

pairs and three RDV/mAb groups were compared by Kruskal–Wallis test with subsequent

Mann–Whitney post hoc pairwise tests. SS values generated by the same concentrations of

DAA/DAA that were tested against B.1 and BQ.1.1 viral variants were compared using the

Wilcoxon signed-rank test. All statistical calculations were made with IBM SPSS Statistics 20

(IBM Corp., Armonk, NY, USA) and p-values were regarded as two-sided.

3.2 LB-1 activity

In vitro experiments

In this study, we investigated the in vitro activity of an HSPG-binding tetrapeptide (LB-1),

resuspended in physiological solution at a stock concentration of 2 mM.



Cell lines

Two cell lines were used for viral titration and antiviral activity assays: Vero E6 (previously

described), an adherent kidney cell line derived from the African green monkey, and the human

intestinal epithelial Caco-2 (ATCC HTB-37) cell line.

Vero E6 cells were maintained in high-glucose DMEM (Euroclone) supplemented with 10% fetal

bovine serum (FBS) and 1% penicillin/streptomycin (P/S) (Euroclone) and passaged at 70–90%

confluence. Caco-2 cells were propagated in EMEM (Sigma Aldrich) supplemented with 10%

FBS (Euroclone), 1% P/S (Euroclone), and 2mM glutamine (Euroclone). For all infection

experiments, the corresponding culture medium was used with FBS reduced to 1% (infection

medium).

Cells were incubated at 37 °C in a humidified atmosphere containing 5% CO₂. Uninfected cell

cultures were handled under BSL-2 conditions, whereas all viral infection experiments were

carried out in a BSL-3 facility.

Viral stocks

The SARS-CoV-2 stocks used for the experiments included the Omicron BA.1

(EPI_ISL_6777160), BA.5 (EPI_ISL_14513768) and Delta (EPI_ISL_6943992) SARS-CoV-2

variant. Viral stocks were expanded into VERO E6 cells and titrated as described in the next

chapter.

Viral Titration Assay

Viral stocks were titrated in Vero E6 and Caco-2 cell lines before performing the in vitro tests,

to achieve TCID₅₀/mL. Six replicates of a five-fold serial dilution of each viral stock were

prepared and the added to 96-well plates containing 13,000 pre-seeded Caco-2 cells per well.

Fifty microliters of each viral dilution were incubated with the cells for 1 h, after which the viral

supernatant was removed and replaced with 200 µL of fresh EMEM. Plates were then incubated

at 37 °C with 5% CO₂ for 24 h. A mock control was included on each plate to normalize the

result. After 24 h, 50 µL of supernatant from each well was transferred to 96-well plates

containing 6,000 pre-seeded Vero E6 cells per well, followed by the addition of 150 µL of fresh

medium. After additional 24 h incubation, viral titers were determined by ELISA for SARS-CoV-2

nucleocapsid protein. Briefly, cells were fixed with formaldehyde 10% (Carlo Erba) for 20 min,

washed with PBS 1X, and permeabilized with 1% Triton X-100 (Carlo Erba) for 20 min. After

washing, the cell monolayer was incubated with a monoclonal mouse antibody (clone



AP201054; Novus Bio) followed by a polyclonal HRP-conjugated anti-mouse IgG secondary

antibody (Novus Bio, NB7570). Absorbance was measured after a 10 min incubation with TMB

substrate (Sigma Aldrich) at 450 nm (OD450) using the absorbance module of the GloMax

Discover Multimode Microplate Reader (Promega).

Cytotoxicity assay

Cytotoxicity assay was performed to determine the toxicity of the antiviral drug LB-1 and to

identify the non-toxic concentration to be used as the starting point for subsequent

experiments. Concentrations maintaining 90–100% cell viability were selected. Briefly, 13,000

Caco-2 cells per well were seeded onto tissue-treated 96-well plates and incubated at 37 °C

with 5% CO₂ for 24 h. Two-fold serial dilutions of LB-1 and of the saline solution in which it was

resuspended were subsequently added to Caco-2 cells. Simultaneously, 6,000 Vero E6 cells

per well were seeded in 96-well tissue-treated plates and incubated under the same condition.

After 24 h, 50 µL of LB-1 dilutions were added to the Vero E6 cells, followed by 150 µL of DMEM

containing 1% FBS. Plates were incubated for an additional 24 h, and the half-maximal

cytotoxic concentration (CC50) of LB-1 was determined using the CellTiter-Glo® 2.0

Luminescent Cell Viability Assay (Promega). Each plate included a mock control, a vehicle

control curve (physiological solution in which LB-1 is resuspended), and a toxicity control

(100% DMSO). Luminescence was measured with the GloMax® Discover Multimode Microplate

Reader (Promega, Madison, WI, USA), and results were analyzed using GraphPad Prism

software version 9.0 (La Jolla, CA, USA). CC50 and the concentration corresponding to 90% cell

viability (CC10) were calculated by non-linear regression analysis of the dose–response curves

using the ECanything function in GraphPad Prism. The CC10 value was subsequently used in the

antiviral activity assay.

Antiviral Activity Assay

The day before infection, 13,000 Caco-2 cells per well were seeded into 96-well adhesion

plates to reach approximately 70% confluence on the day of infection. To assess the antiviral

activity of LB-1, two-fold serial dilutions were set, starting from the maximum non-toxic

concentration (2 mM) and incubated on the cells for 1 h. A fixed amount of live SARS-CoV-2

BA.5, BA.1, and Delta strains (MOI = 0.01) were then added and incubated at 37 °C for 1 h. After

incubation, the virus–compound mixture was removed, and the wells were replenished with

fresh medium containing the corresponding LB-1 dilutions.



The same day of the experiment, 6,000 Vero E6 cells per well were pre-seeded. After 24h, 50 µL

of supernatant from infected Caco-2 cultures was transferred to pre-seeded Vero E6, followed

by the addition of 150 µL of DMEM supplemented with 1% FBS.

ELISA targeting the SARS-CoV-2 nucleocapsid protein was performed to determine the half-

maximal inhibitory concentration (IC50) of LB-1. Each assay included a mock control, virus

control, and two reference inhibitors with known IC50 values: RDV and previously tested human

immune serum.

Flow cytometry

Flow cytometry experiments were performed using 2 × 10⁵ cells per well, plated in U-bottom

96-well plates (ThermoFisher). All reagents used for incubation and staining were resuspended

in phosphate-buffered saline (PBS, Sigma-Aldrich) supplemented with 5 mM

Ethylenediaminetetraacetic acid (EDTA) and 1% Bovine serum albumin (BSA, Sigma-Aldrich) to

maintain cells in suspension and minimize aggregation or nonspecific binding. To determine

the binding activity of the LB-1 peptide, cells were incubated for 30 minutes with different molar

concentrations of the biotinylated peptide, either in the absence or presence of heparin and

subsequently stained with streptavidin-FITC. In additional experiments, cells were treated with

heparinase I (0.03 IU/mL, Sigma-Aldrich) at 37 °C for 1 hour prior to LB-1 peptide staining. Flow

cytometric analysis was performed using a Guava flow cytometer (Millipore) by acquiring

10,000 events per sample, and data were analyzed with FCS Express 6 software.





4 Results

4.1 Combinatorial effect
To investigate the drugs’ combinatorial effects, we first tested the three DAAs (EIDD-1931, RDV,

NRM) individually, determining their IC50  values against B.1/BQ.1.1, which were 2.40 ±

0.40/1.59 ± 0.44, 0.06 ± 0.03/0.03 ± 0.01 and 0.10 ± 0.03/0.10 ± 0.01 μM, respectively. The same

experiments were conducted with mAbs (CIL, TIX, BEB and SOT) which resulted active only

against the B.1 variant, with IC90 values of 0.20 ± 0.13, 0.07 ± 0.04, 0.03 ± 0.01, 0.81 ± 0.32

µg/mL, respectively. In table 3  all the IC50, CC50, and CC10 values are reported.

Table 3 Cytotoxicity and anti-SARS-CoV-2 activity of nirmatrelvir (NRM), EIDD-1931 (the active form of molnupiravir),
remdesivir (RDV), sotrovimab (SOT), bebtelovimab (BEB), cilgavimab (CIL) and tixagevimab (TIX) in VERO-E6 cells.
Antivirals were tested against the Wild Type B.1 strain and the BQ.1.1 Omicron variant. CC50: half-maximal toxic drug
concentration; CC10: drug concentration causing 10% cells cytotoxicity; IC50: half-maximal inhibitor drug concentration;
IC90: drug concentration inhibiting 90% of viral replication; SD: Standard Deviation; NA: Not Active.

At the next stage, we tested NRM/EIDD-1931, NRM/RDV and RDV/EIDD-1931 combos against

the wild type B.1 and BQ.1.1 strains, while all mAbs were tested in combination with RDV, which

is the only injectable DAA, against the wild type B.1. The analysis of the DAA/DAA or RDV/mAbs

combos were performed with SynergyFinder 3.0 software, applying the ZIP multiple synergy

algorithm. This algorithm combines Bliss and Loewe reference models giving back summary of

SS and weighted SS metrics, making an average of all the dose combination measurements

and at the clinically relevant lower dose windows. In Figure 13, is shown an example of the

output generated by analyzing the 36-cell matrix obtained with NRM/RDV combo against B.1

SARS-CoV-2 strain.



Figure 13 Dose–response matrix, two-dimensional (2D) and three-dimensional (3D) synergy maps generated using
SynergyFinder 3.0 by applying the ZIP model on the Nirmatrelvir (NRM)/Remdesivir (RDV) combination tested against the
ancestral B.1 SARS-CoV-2 strain.

The weighted SS for all the DAA combinations indicated additivity against B.1 (2.1 ± 0.4 for

NRM/EIDD-1931, 1.9 ± 1.4 for NRM/RDV and 0.9 ± 0.7 for RDV/EIDD-1931) and BQ.1.1 (0.0 ± 0.7

for NRM/EIDD-1931, 2.1 ± 2.1 for NRM/RDV and 1.7 ± 2.5 for RDV/EIDD-1931). Additivity was

also observed for all RDV/mAb combos against B.1 (6.1 ± 2.9 for RDV/SOT, 4.2 ± 3.3 for

RDV/BEB, 0.8 ± 0.1 for RDV/CIL and 2.6 ± 2.7 for RDV/TIX). The more comprehensive summary

score metric confirmed additivity for all the combinations tested. Summary and weighted SS

are indicated in Table 4, while the 2-D Synergy plots generated by each experiment are shown

in Figure 13, both showing an overall additive effect. However, analyzing more in details specific

Table 4 Summary synergy scores (SS) and weighted SS of all the tested antiviral combinations generated using the
Synergy Finder 3.0 online software (https://synergyfinder.fimm.fi/ accessed on 12 October 2023). The antiviral pairwise
combinations of nirmatrelvir (NRM), EIDD-1931 (the active form of molnupiravir), and remdesivir (RDV) were tested
against the ancestral B.1 and the Omicron BQ.1.1 SARS-CoV-2 variant. The combinations of RDV with each of the four
monoclonal antibodies (mAb), including sotrovimab (SOT), bebtelovimab (BEB), cilgavimab (CIL), and tixagevimab (TIX),
were tested only against the ancestral B.1 SARS-CoV-2 variant. NP: Not performed

drug combo concentration, particularly the ones below IC90 of individual drugs, we found a

synergistic effect as represented in Table 4.



The highest SS were obtained among different RDV/mAb combinations, particularly with SOT,

BEB, and TIX (Table 4). These results were also confirmed by the highest overall summary and

weighted SS. Globally, in DAA combinations, just some specific concentrations pair showed

synergy. Among them, NRM/RDV showed the highest SS, compared to all the other combos that

showed a weak synergy. Kruskal-Wallis analysis revealed significant differences (p < 0.001)

when we compared SS values obtained with the DAA/DAA and DAA/mAb combinations against

Figure 14 Overall combinatorial effects of the three DAA pairs as well as those of the three RDV/mAb groups were compared by
the Kruskal‐Wallis test followed by Mann Whitney pairwise comparisons between groups. Statistical analysis  was performed
by IBM SPSS Statistics, version 20 (IBM Corp., Armonk, NY, USA)

B.1 virus. Particularly, post-hoc pairwise analysis detected significant synergy for RDV/SOT

compared with the other mAb combos (RDV/BEB, p = 0.006; RDV/CIL, p < 0.001; RDV/TIX, p =

0.006) and DAA/DAA combos (NRM/EIDD-1931, p < 0.001; NRM/RDV, p = 0.010; RDV/EIDD-

1931, p = 0.004).

However, for most dual combinations, the weighted synergy scores that indicated synergistic

effects were often rare outliers within the overall distribution of data points (Figure 14).  SS

values remained significantly higher for the RDV/SOT combo when comparing only the four

DAA/mAb combinations (p < 0.001 compared with RDV/CIL and p = 0.002 compared with

RDV/BEB and RDV/TIX).

In the subset of DAA/DAA combinations, the same number of synergistic cases were observed

for both B.1 and BQ.1.1 viruses (8 each). Additionally, the synergy scores (SS) did not differ

significantly between the two variants at matched drug concentrations (p = 0.153).



Table 5 Concentrations of pairwise drug combinations below each drug IC10 and showing synergism in the SynergyFinder 3.0
matrix, stratified by synergy score values (10–29.9, 30–50, and above 50)





To validate this data, the IC50 synergistic potency shift was measured in an antiviral in vitro

assay where cells were treated with three fixed drug concentrations of the first compound plus

scalar concentrations of the second compound. To achieve this, NRM and RDV were selected

as fixed drug as they showed repeatedly synergy at the concentration of 0.05 and 0.02 μM,

respectively (Table 5). The results show that the IC50 of NRM with the addition of RDV 0.06 μM

and 0.03 μM was reduced by 33- and 8-fold against B.1 and by >140- and 14-fold against BQ.1.1,

Figure 15. IC50 synergistic potency shift experiments in B.1 or BQ.1.1 virus infected VERO E6 cells treated with three fixed drug
concentrations of Compound 1 (as indicated in the graph title) plus scalar concentrations of Compound 2 (as indicated in the
in the legend). The three concentrations of Compound 1 were chosen as the IC50 of Compound 1 alone, plus two 2-fold
dilutions. The scalar concentration of Compound 2 is the same as that used in the SynergyFinder 3.0 matrix. The
concentration of Compound 2 on the x-axis is expressed as micromolar for DAA and as ng/mL for mAb, while the y-axis shows
the percentage of cell viability. DAA/DAA combinations were tested against the ancestral B.1 SARS-CoV-2 strain and the
BQ.1.1 Omicron variant, while RDV/mAb combinations were tested only against the ancestral B.1 SARS-CoV-2 strain. Graphs
were generated using GraphPad PRISM software version 9 (La Jolla, CA, USA).

respectively (Figure 15, table 6).



Table 6. IC50 synergistic potency shift was measured in infected VERO E6 cells treated with 3 fixed drug concentrations of
Compound 1 plus scalar dilution of Compound 2, for each combination. Fold shift values in Compound 2 IC50 were
calculated as: IC50 [Compound 2 alone] / IC50 [Compound 1 + Compound 2]. DAA were tested against wild type B.1 SARS‐
COV‐2 strain and BQ.1.1 variant while mAb/RDV combinations only against wild type B.1 SARS‐COV‐2 strain.

 A synergistic potency shift in EIDD-1931 IC50 was also induced by the addition of NRM at 0.1

μM and 0.05 μM against B.1 (88- and 11-fold, respectively) and against BQ.1.1 (28- and 7-fold,

respectively) and by the addition of RDV at 0.06 μM and 0.03 μM against B.1 (>26- and 26-fold,

respectively) and against BQ.1.1 (>30- and 30-fold, respectively). Regarding fixed RDV

concentration/mAb combo, lower synergistic potency shifts were observed. Indeed, addition

of RDV 0.06 μM reduced SOT, BEB, and TIX IC50 by 4-, 2- and 3-fold, respectively, while the

addition of RDV 0.03 μM reduced SOT and TIX IC50 by 2-fold and did not affect BEB IC50. Finally,

at the lowest concentration tested (0.015 μM) RDV induced a 2-fold reduction only in SOT IC50.

In conclusion, these results suggest a synergistic interaction within DAA/DAA combinations,

even if a cooperative effect was observed between RDV/SOT.

4.1 LB-1
LB-1 in vitro activity

The antiviral activity of LB-1 was evaluated against different SARS-CoV-2 VOC, specifically BA.1,

BA.5, and Delta. Assays were performed starting from the CC10 value of the compound (2mM),



Figure 16 LB-1 cytotoxicity assay

previously determined by cytotoxicity assays (Figure 16) to identify a concentration that is non-

toxic yet suitable for infection studies. Under these conditions, LB-1 inhibited the BA.1 and BA.5

sublineages of Omicron with IC₅₀ of 21.5 ± 2.8 µM and 19.5 ± 1.7 µM, respectively,

corresponding to a selectivity index (SI) of > 13.95 and >15.38. In contrast, the compound

showed no detectable inhibition of the Delta variant, reflecting a variant-specific difference in

viral entry mechanisms (Figure 17).

Figure 17. Antiviral activity of LB-1 against Omicron sublineages (BA.1, BA.5) and Delta SARS-CoV-2





LB-1 Flow-Cytometry

The binding of the LB-1 peptide to Caco-2 cells (Figure 18A, B) and its inhibition by heparin

(Figure 18C, D) were assessed using flow cytometric. As shown, LB-1 bounds Caco-2 cells in a

dose-dependent manner, and this binding was effectively blocked by heparin. To further

Figure 28  Binding of LB-1 peptide to human Caco-2 cells analyzed by flow cytometry assay. A-B) Binding of LB-1, C-D) inhibition

of LB-1 binding by heparin, E-F) binding of LB-1 on Caco-2 cells treated with heparinase I. *** p<0.001, ** p<0.01 calculated

using one-way ANOVA with Dunnett's multiple comparisons test compared to control (D), calculated using two-tailed unpaired

t-tests (F) with GraphPad PRISM version software 10

confirm the specificity of LB-1 for heparan sulfate proteoglycans (HSPGs), Caco-2 cells were

treated with heparinase I to remove the heparan sulfate chains of proteoglycans (Figure 17E,

F). As observed in the figure, LB-1 binding to heparinase-treated cells was significantly reduced.

Caco-2 cells were infected with SARS-CoV-2 Omicron BA.5 at an MOI of 0.05 in the presence



Figure 19.  Antiviral activity of NT4 peptide on SARS-CoV-2 strain BA.5 in the Caco-2 cell line analyzed by
flow cytometry. ** p<0.01, * p<0.05 calculated using one-way ANOVA with Dunnett's multiple
comparisons test versus control with GraphPad PRISM version 10 software

of the LB-1 peptide at two concentrations (40 and 20 µM). After infection, the expression of the

viral nucleocapsid (N) protein was evaluated by flow cytometry using a commercial

monoclonal antibody specifically targeting this viral antigen (Figure 19). This approach allowed

monitoring of viral entry and replication in host cells under different treatment conditions. To

further assess the reproducibility of the assay and better characterize the inhibitory effect of

LB-1, results from peptide-treated cells were directly compared with those obtained using

human serum containing neutralizing antibodies specific for the same viral strain. As shown in

Figure 18, Omicron BA.5 variant infection of Caco-2 cells was markedly reduced in the

presence of LB-1 in a clear dose-dependent manner. Specifically, cells treated with the highest

tested concentration of LB-1 (40 µM) displayed a significant reduction in fluorescence signal of

the viral N protein, while cells treated with 20 µM showed a moderate but still significant

decrease. These findings indicate that LB-1 exerts a measurable inhibitory effect on SARS-CoV-2

infection in vitro, supporting its potential as an antiviral agent.



5. CONCLUSIONS
The continuous evolution of SARS-CoV-2 and the persistent challenges posed by COVID-19 and

long-COVID have highlighted the limitations of relying exclusively on currently approved DAAs.

As we have seen throughout the pandemic, the ability of the virus to acquire mutations leads

to immune evasion and therapeutic acquired resistance. For this reason, there is the need of

innovative approaches that can maintain efficacy against emerging variants while providing

enhanced protection for vulnerable populations. This thesis has addressed these challenges

by investigating two promising approaches: the synergistic combination of existing antiviral

drugs and the development of host-targeting compounds that interfere with viral entry

mechanisms. The investigation of drug combinations revealed evidence that synergistic

interactions between approved antivirals can enhance therapeutic efficacy. While our analysis

of NRM, RMD, and EIDD-1931 combinations showed predominantly additive effects when

evaluated across the entire concentration range, the identification of specific synergistic

concentration provided crucial insights into optimal dosing strategies. The fact that the potency

of NRM could be enhanced by up to 140-fold when combined with RMD against the highly

divergent BQ.1.1 variant represents a particularly significant finding. This result suggests that

combination therapy could be useful to reduce drug dosages while maintaining or even

improving antiviral efficacy, potentially addressing concerns about drug toxicity and tolerability

that have limited the clinical utility and usage of these antivirals. Moreover, the maintenance of

synergistic effects against both the ancestral B.1 strain and the immune-evading BQ.1.1 variant

is particularly encouraging from a clinical perspective as it may provide a more robust

therapeutic approach that is less susceptible to viral evolution. Our findings are supported also

by recent clinical observations from immunocompromised patients (Mikulska et al., 2023;

Calderón-Parra et al., 2024), where combination therapies have shown promising outcomes in

cases of persistent viral infection, supporting the significance of our in vitro findings.

Our exploration of RMD combined with mAbs revealed slightly different results, with additive to

mild synergistic effects observed against the susceptible B.1 strain. While the synergy was

generally lower than that observed with DAAs combinations, the cooperative activity between

RMD and SOT was noteworthy. In addition, as this is an in vitro study, it doesn’t consider the

potential immune effector mechanisms of SOT, supporting a possible positive effect of this

combination in the clinical practice in high-risk patients.



Regarding the HTAs, the investigation of the heparan sulfate proteoglycan-binding tetrapeptide

LB-1 represents a different approach of antiviral intervention, as it targets the host cell

machinery rather than viral components. The compound's selective activity against Omicron

sublineages BA.1 and BA.5, with IC₅₀ values in the low micromolar range, represents a proof-

of-concept for host-targeting strategies that could complement existing direct-acting

antivirals. The specificity of LB-1 activity against Omicron variants likely reflects the unique

mutations in these strains that have enhanced their affinity for glycosaminoglycans. Mutations

such as Q493R, Q498R, and Y505H, which substitute uncharged residues with basic ones,

have altered the electrostatic properties of the spike protein, creating new opportunities for

therapeutic intervention. Flow cytometry studies confirmed that LB-1 binds to host cells in a

dose-dependent manner and that the binding can be competitively inhibited by heparin,

supporting the proposed mechanism of action whereby the peptide competes with cellular

heparan sulfate for viral binding sites.

As mentioned before, the demonstration of synergistic drug interactions provides a scientific

foundation for combination therapy protocols that could be rapidly implemented in clinical

practice, particularly for immuno-compromised patients who remain at high risk for severe

COVID-19. The ability to achieve enhanced antiviral effects at lower drug concentrations could

address some of the tolerability issues that have limited the broader adoption of certain

antivirals, potentially expanding their utility to populations who might otherwise be unable to

tolerate full therapeutic doses.

The host-targeting approach of LB-1 offers a complementary strategy that could be particularly

valuable in prophylactic settings or as part of combination regimens. The potential for local

delivery through intranasal sprays or inhalation could maximize antiviral effects while

minimizing systemic exposure, addressing safety concerns that often arise with novel

therapeutic agents. Moreover, the targeting of host cellular machinery rather than viral proteins

provides a higher genetic barrier to resistance development, as viruses cannot readily mutate

host cell components.

However, several important limitations must be acknowledged in interpreting these results. All

experiments were conducted using in vitro cell culture systems, which, while providing

valuable mechanistic insights, have not yet been tested in vivo and we don’t know the effect on

the complex pathophysiology of SARS-CoV-2 infection in humans and mices. The role of the



immune system in viral clearance, in tissue-specific expression patterns of target receptors,

and the influence of comorbid conditions on drug efficacy remain to be evaluated. Additionally,

our study could be extended to further investigate the effect on other viral variants,

understanding betterer their evolutionary pattern.

Looking forward, the strategies investigated in this PhD thesis represent important additions to

the evolving arsenal of COVID-19 therapeutics. The synergistic combination approach of

already approved drugs offers the possibility of a rapid clinical application, as their individual

safety has already been tested. This could provide rapid benefits for high-risk patients while

serving as a bridge to more advanced therapeutic approaches.

The host-targeting strategy, while requiring longer development timelines, offers the promise of

more durable therapeutic effects that are less susceptible to viral evolution, for this reason

continuing our tests using LB-1 in combination with previously approved DAAs could be a

promising approach. In addition, while antivirals may lose their efficacy as the virus evolves

through the development of resistance mechanisms, the combination of multiple therapeutic

approaches that target different steps of the viral life cycle offers the prospect of maintaining

clinical benefit across viral variants and patient populations. The work presented in this thesis

provides a foundation for this comprehensive approach, demonstrating both the scientific

feasibility and clinical potential of these innovative therapeutic strategies.

The goal of this research is to contribute to a more comprehensive and resilient therapeutic

framework for managing SARS-CoV-2 infections. While antivirals used alone may lose efficacy

as the virus evolves and acquires resistance, the combination of multiple therapeutics

targeting different steps of the viral life cycle offer the prospect of maintaining clinical benefit

across viral variants and patient populations. These findings support the potential of integrated

antiviral strategies to provide broader and more durable protection, particularly for vulnerable

populations, and lay the groundwork for future translational research.
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Analysis of the SARS-CoV-2 inactivation mechanism using violet-blue
light (405 nm)

Davide Amodeo,1 Serena Marchi,2 Lia Fiaschi,1 Luisa Raucci,3 Camilla Biba,1 Valentina Salvestroni,2 Claudia Maria Trombetta,2 Ilaria Manini,2

Maurizio Zazzi,1 Emanuele Montomoli,2,4 Ilaria Vicenti,1 Gabriele Cevenini,1 Gabriele Messina2

AUTHOR AFFILIATIONS See affiliation list on p. 16.

ABSTRACT The study evaluated the effects of violet-blue light (VBL) on cell viability and
replication, carbonylation of three structural proteins (S, E, and N) and one non-structural
protein (NSP13), and direct damage to the RNA of SARS-CoV-2. The virus was exposed to
increasing doses of VBL along with influenza A and B viruses to compare their susceptibility.
At the highest dose (21.6 J/cm2), SARS-CoV-2 was significantly more susceptible to VBL than the
influenza viruses, with a reduction in viral titer of 2.33 log10. Viral RNA did not show significant
changes after exposure to VBL, as demonstrated by next-generation sequencing and real-
time PCR quantification, suggesting that the inactivation process does not involve direct
nucleic acid damage. To exclude the role of the culture suspension in the inactivation process,
virus viability experiments were performed using different dilutions of Dulbecco’s modified
Eagle’s medium (DMEM) in phosphate-buffered saline (PBS). The results indicated that the
suspension medium played a secondary role in virus inactivation, as viability did not increase
with increasing DMEM dilution. Subsequent tests with three different antioxidants (NAC, AsA,
and SOD) at different concentrations prevented viral inactivation, from 99.99% to 85.43%
(with SOD 0.003 mM). Carbonylation of S and E proteins was more pronounced when viruses
were suspended in DMEM rather than PBS, although the tests demonstrated that the intrinsic
properties of the viral membrane were a crucial element to consider in relation to its
susceptibility to VBL.

IMPORTANCE Light-based disinfection methods are often used in combination with other
cleaning methods due to their non-invasive nature, versatility, and environmental benefits. VBL
is an effective approach as it induces the production of reactive oxygen species that reduce
microbial viability. In this study, lipid peroxidation was identified as an important factor
affecting the structural integrity and function of the viral envelope, reducing its ability to
interact with host cells and consequently its ability to be infec tious. The lipid envelope of
SARS-CoV-2, composed mainly of glycerophospholipids and lacking cholesterol and sphingolipids,
appears to be the critical factor in its susceptibility, distinguishing it from influenza viruses,
which have a lipid profile richer in components that protect against oxidative stress.

KEYWORDS violet-blue light, reactive oxygen species, lipid peroxidation, protein
carbonylation, SARS-CoV-2 envelope

he COVID-19 pandemic caused a global health crisis between 2020 and 2023, resulting in
over 7 million deaths by October 2024 (1). Its impact on public health continues to

influence not only health outcomes but also socio-economic and political
contexts (2).

Health authorities identified the virus responsible for the pandemic in January 2020,
initially referring to it as “Coronavirus 2019-nCoV” and subsequently officially as

Editor Christopher A. Elkins, Centers for Disease
Control and Prevention, Atlanta, Georgia, USA

Address correspondence to Davide Amodeo,
davide.amodeo@dbm.unisi.it.

E.M. is founder and Chief Scientific Officer of VisMederi
Srl and VisMederi Research Srl. The other authors declare
no competing interests.

Received 18 February 2025
Accepted 15 April 2025
Published 14 May 2025

Copyright © 2025 Amodeo et al. This is an open-
access article distributed under the terms of the
Creative Commons Attribution 4.0 International

license.

June 2025  Volume 91  Issue 6 10.1128/aem.00403-25 1



D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/a
em

 o
n 

29
 S

ep
te

m
be

r 2
02

5 
by

 2
60

1:
c2

:6
:fe

32
:5

86
9:

f8
46

:c
bc

d:
2f

1c
.

Full-Length Text Applied and Environmental Microbiology

SARS-CoV-2 (3). It is a single-stranded, positive-sense RNA (ssRNA+) beta-coronavirus with a
genome size of approximately 30 kb, which is 80% shared with SARS-CoV (4). It encodes 11
accessory proteins (ORF3a, ORF3b, ORF3c, ORF3d, ORF6, ORF7a, ORF7b, ORF8, ORF9b, ORF9c, and
ORF10), 16 non-structural proteins (NSP1–16), and 4 structural proteins (Spike [S], Envelope [E],
Membrane [M], and Nucleocapsid [N]) (5). Structural proteins are essential components of the
SARS-CoV-2 virion, while non-structural and accessory proteins contribute to the replication
of SARS-CoV-2 RNA within the cell through different mechanisms (6). In addition, coronaviruses
use a variety of host factors to infect and replicate within cells, and the expression patterns of
these factors are thus co-determinants of viral tropism (4). Once the large RNA genome enters
the cell and begins to translate, a cytoplasmic replication cycle begins, utilizing diverse
strategies to enhance viral gene expression at both transcriptional and translational levels (7).

In response to this high replicative and adaptive capacity of the virus, international health
organizations had to quickly implement appropriate preventive measures to contain and
control the pandemic spread of SARS-CoV-2 (8). These included preven tive and mandatory
isolation of suspected or infected individuals, use of hand sani tizer, covering the nose and
mouth when coughing and sneezing (to reduce aerosol transmission), use of face masks,
reduction of hand-to-face contact, and use of dispos able gloves to avoid direct contact with
surfaces (9). In addition, several disinfection techniques have been employed to inactivate
SARS-CoV-2 from contaminated surfaces or air. It is widely recognized that the virus is highly
susceptible to most alcohol-based hand sanitizing solutions and detergents (10), as well as
physical agents like heat (11) and UV radiation (12).

Disinfection with UV light sources has been widely employed for several decades, primarily
with UVC lamps (254 nm), to inactivate pathogenic microorganisms in air, on surfaces, and in
water (13–15). For example, UV light sources can provide continu ous decontamination of air
and surface from many respiratory pathogens, including influenza viruses (16). However, the
recent pandemic has boosted this scientific sector and accelerated the technological shift
from mercury vapour lamps to light-emitting diodes (LEDs), promoting a transition that had
been stagnant for several years and is now increasingly recognized, particularly from an
environmental perspective (17–19). The combination of (i) more versatile and longer-lasting
light sources (compared to traditional lamps), (ii) an unexpected global health emergency,
and (iii) a new airborne pathogen brought renewed attention to the field and encouraged the
scien tific community to focus on wavelengths that were previously difficult to test and
expen sive to implement in standard disinfection procedures (20–23). Wavelengths such as
far-UVC (222 nm) and violet-blue light (VBL; at 405–450 nm) gained popularity in SARS-CoV-2
studies, during and after the pandemic, due to their significant germicidal efficacy (24, 25).
Furthermore, far-UVC light exhibits a restricted penetration depth in biological tissues,
primarily addressing surface pathogens while leaving deeper skin layers unaffected (26).
Conversely, radiation within the 405–450 nm spectrum, especially around 405 nm, penetrates
tissues more easily and exhibits antimicrobial properties by activating endogenous and
exogenous photoinitiators that lead to the production of reactive oxygen species (ROS) within
cells (27, 28). When viruses, bacteria, and fungi are exposed to VBL, photosensitizers such as
porphyrins and flavin absorb photons, leading to the formation of ROS such as singlet oxygen
(1O2) and hydrogen peroxide (H2O2) (29). ROS can cause damage to vital cellular components,
including nucleic acids, proteins, and membrane lipids, ultimately leading to cell death (28).

Although numerous studies have demonstrated the efficacy of VBL on SARS-CoV-2, the
hypotheses put forward to describe the possible mechanism of inactivation following
the virus’s exposure to radiation have so far remained inconclusive (30–32). Some of these
studies focus on the possible photo-degradation of S protein as the primary cause of the
virus inactivation. Other studies attribute the main source of ROS generation and oxidative
stress promotion to the suspension medium in which the virus resides during the
experiments (31, 33). This interpretation, however, would
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not fully explain the different susceptibilities of other RNA viruses to VBL (34) and, more
generally, why radiation appears to reduce and/or inactivate viruses (including SARS-CoV-2),
bacteria, and moulds, even in in vivo studies in which the experimental factors investigated,
such as culture medium and suspension, are absent (35, 36).

The aim of the study was to assess the virus inactivation mechanism using VBL (at 405 nm)
by evaluating: (i) the change in viral titer of SARS-CoV-2 compared to  influenza A and B viruses
(IAVs and IBVs) after light exposure; (ii) the replicative cycle of the viral particle and the possible
presence of oxidative stress caused by radiation; (iii) qualitative and quantitative changes in the
structural components of the virus (ssRNA and proteins); and (iv) the impact of the suspension
medium (Dulbecco’s modified Eagle’s medium [DMEM]) on virus viability.

RESULTS

TCID50 reduction of SARS-CoV-2 and influenza A and B by VBL

The results obtained by exposing the different viruses to VBL at different doses of light energy
had a significantly different impact on virus replication depending on the virus tested. As
shown in Table 1, a significantly higher log10 reduction in TCID50/mL was
achieved for SARS-CoV-2 compared with influenza viruses. Specifically, the TCID50/mL log reduction
for SARS-CoV-2 was 0.41 log10 (SD = 0.14) after 22′30″ (dose of 5.4 J/cm2), 1.33 log10 (SD = 0.2) after
45′ (dose of 10.8 J/cm2), and 2.33 log10 (SD = 0.14) after 90′ (dose of 21.6 J/cm2) exposure. For IAV,
the TCID50/mL mean reduction was almost 0 after 22′30″, 0.13 log10 (SD = 0.22) after 45′, and
0.16 log10 (SD = 0.26) after 90′. The results for IBV were nearly identical. In fact, the TCID50/mL
log reduction was again zero after 22′30″, 0.12 log10 (SD = 0.25) after 45′', and 0.17 log10 (SD = 0.14)
after 90′.

Based on SARS-CoV-2 viral load reduction results, all further tests on the inactivation
mechanism of SARS-CoV-2 were performed by exposing the virus to VBL for 90 min.

Impact of VBL on SARS-CoV-2 dsRNA and N/S protein expression and
localization

To investigate the impact of VBL on different steps of viral replication, the number of viable
cells and the amount and localization of viral dsRNA (indicating initiation of viral RNA
transcription) and S and N proteins were assessed following VBL exposure.

Experiments were run after a 90′ VBL exposure while the virus control culture was
sampled at 4, 8, and 12 h post-infection. As reported in Fig. 1, VBL exposure dramatically

and comparably decreased the number of dsRNA-, S-, and N-positive cells, recovering the number
of viable cells (Fig. 1A).

TABLE 1 TCID50/mL mean reduction of SARS-CoV-2 and influenza A and B with VBLa

Exposure time Energy Virus TCID50/mL TCID50/mL TCID50/mL reduction dose

(J/cm2)                             CV (Log10) VBL exposure (Log10)        Lower CI    Upper CI

(Log10)

22′30″ 5.4

45′ 10.8

90′ 21.6

SARS-CoV-2 5.50 5.08

IAV 8.75 8.75

IBV 7.88 7.88

SARS-CoV-2 5.49 4.16

IAV 8.88 8.75

IBV 7.75 7.63

SARS-CoV-2 5.49 3.16

IAV 8.75 8.59

IBV 7.13 6.96

0.42 0.25 0.58

0.00 0.00 0.14

0.00 0.00 0.14

1.33 1.01 1.66

0.13 0.00 0.37

0.12 0.00 0.40

2.33 2.17 2.50

0.16 0.00 0.46

0.17 0.00 0.33
aExperiments were performed in triplicate for each virus exposed to VBL. The data shown in the table for both virus
control (CV) and exposed virus are the means of the results obtained. The TCID50/mL reduction, together with the 95%
confidence interval (CI), was obtained by calculating the mean ratio of CV to virus exposed in each experiment.
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FIG 1 Effects of VBL exposure on the viral replication and protein expression of SARS-CoV-2. (A) VERO E6 cells stained with DAPI. (B) Expression of dsRNA. (C) Expression of viral S

protein. (D) Expression of viral N protein. Cells were counted at 40× magnification in five random fields/slide for two replicates. Number of cells was expressed as total number;

positive cells were expressed as percentage (%). Comparisons were performed by two-way ANOVA (*P < 0.05; **P < 0.01; ****P < 0.0001). CC, cell control; CV, virus control; VBL,

VBL-exposed.

The time-course localization of dsRNA and viral proteins was studied through confocal
microscopy. In virus control cultures, dsRNA is expressed from 4 h post-infec tion, increasing at
8 and 12 h post-infection, and localizes in peri-nuclear foci. N protein is expressed from 4 h
post-infection and increases at 8 h post-infection, involving the whole cytosolic
compartment. At 12 h post-infection, it moves from the cytosolic compartment toward the
cell membrane. S protein is expressed at 4 h post-infection in a perinuclear location and
increases at 8 and 12 h post-infection involving the whole cytosolic compartment (Fig. 2).
Moreover, the co-localization of N and S starts at 8 h after

infection and increases after 12 h (Fig. 3). After 90′ VBL exposure, dsRNA and viral protein
expression was greatly reduced; however, similar localization patterns as for virus control

were observed (Fig. 2), suggesting that VBL may globally impact cell infection but does not
alter the expression and localization of the viral components.

SARS-CoV-2 RNA quantitative and qualitative analysis

Real-time PCR quantification (qRT-PCR) detected comparable levels of SARS-CoV-2 RNA in the RNA
extracts obtained from the 1:3 diluted 90′ VBL-exposed and from the control virus (CV)
supernatant (SN) (16.9 and 15.5 Ct, respectively). Likewise, quantification of the
extracted RNA with Qubit assay showed a comparable concentration of the VBL-treated and CV
SNs (0.52 and 0.45 ng/µL, respectively).
Next-generation sequencing (NGS) analysis of SARS-CoV-2 RNA was performed on 90′ VBL exposure

and CV SNs at two time points (0 and 12 h post-infection). The sequences
were compared with the reference vaccine strain (NCBI reference sequence: NC_045512). Neither
amino acid nor nucleotide differences were observed between the VBL-exposed and CV SNs (Table
2).
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FIG 2 Intracellular localization of SARS-CoV-2 dsRNA and proteins. VERO E6 cells were infected with SARS-CoV-2 (CV) and SARS-CoV-2 after 90′ VBL exposure. Cells were stained at

different time points (4, 8, and 12 h post-infection, P.I.) with NP-, S-, and dsRNA-antibody and examined by confocal microscopy.

TCID50/mL reduction of SARS-CoV-2 after VBL exposure with different
medium dilutions

Exposure of the viral SNs to VBL showed a remarkable reduction of infectious titer at all three
different conditions tested (diluted 1:3, 1:20 and 1:1,000 in phosphate-buffere d saline [PBS]),
compared to the CV (Fig. 4). However, residual virus titer following VBL exposure was
comparable in the three conditions, and the difference in fold-change reduction appeared
to be driven by the decrease in untreated virus titer due to the different dilution factors.
Specifically, TCID50/mL without and with exposure to VBL decreased from 9.03 log10 (CI: 8.61–
9.45) to 4.31 log10 (CI: 3.86–4.77) with 1:3 diluted SN; from 8.98 log10 (CI: 8.3–9.5) to 4.44 log10
(CI: 4.02–4.86) with 1:20 diluted SN; and from 6.93 log10 (CI: 6.39–7.48) to 4.31 log10 (CI: 3.86–
4.77) with 1:1,000 diluted SN (Fig. 3). The table with extended data on viral titer and fold change
values is included in the Supplementary Information (Table S1).

VBL treatment of SARS-CoV-2 with antioxidants

Antioxidants were added to the virus under the same experimental conditions as above to
study the effect of oxidative stress induced by VBL exposure. The antioxidants tested included (i)
5 and 0.5 mM N-acetylcysteine (NAC), (ii) 5 and 0.5 mM ascorbic acid (AsA), and (iii) 0.03 and 0.003
mM superoxide dismutase (SOD).

As shown in Fig. 5 and Table S2, the higher concentrations of AsA and NAC at the lower SN
dilutions (1:3 and 1:20) resulted in higher virus survival after VBL exposure. Specifically, at the
1:3 SN dilution, the reduction of VBL-treated virus decreased from 4.71 log10 in the absence of
antioxidants to 3.94 log10 and 3.36 log10 with the addition of 5 mM NAC and of 5 mM AsA,
respectively. As for the 1:20 diluted SN, the reduction ranged from 4.54 log10 in the absence of
antioxidants to 3.59 log10 and 2.46 log10 with the addition of 5 mM NAC and of 5 mM AsA,
respectively. Even at the lower concentra tions (0.5 mM), both NAC and AsA slightly increased
virus survival with the 1:20 diluted SN, allowing a variation of −8.81% (4.15 log10) and −29.51%
(3.20 log10), respectively, compared to the VBL-treated SNs without antioxidants (4.54 log10).
SOD proved to be almost ineffective in increasing SARS-CoV-2 survival at the lower SNs dilutions
(1:3 and 1:20), regardless of its concentration. In contrast, at the highest SN dilution (1:1,000), SOD
allowed a higher rate of virus survival than NAC and AsA. Specifically, the titer of the VBL-
treated virus decreased from 2.62 log10 in the absence of antioxidants to 1.55 log10 with the
addition of 5 mM NAC, 1.73 log10 with the addition of 5 mM AsA, and 1.51 log10 with the
addition of 0.03 mM SOD, with a variation of −40.79%, −33.72%, and −42.16%, respectively. The
increased viral survival rate disappeared at the lowest concentration of antioxidants, except for
SOD. Indeed, with 0.003 mM SOD, the reduction ranged from 2.62 log10 to 0.83 log10.

Overall, the addition of AsA (and to some extent NAC) appears to be more protective at
the 1:3 and 1:20 dilutions of the virus, suggesting that the presence of residual DMEM
medium and the photosensitizers that it contains may in part drive VBL-mediated oxidation of
the virus.
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FIG 3 Co-localization of SARS-CoV-2 S and N proteins. VERO E6 cells were infected with SARS-CoV-2 (CV) and SARS-CoV-2 after 90′ VBL

exposure. Cells were stained at different time points (4, 8, and 12 h post-infection, P.I.) with NP- and S-antibody and examined by confocal
microscopy. Merged signals (upper panels of each condition) and co-localized points (lower panels

of each condition) are shown. Co-localized points appear white.

Protein carbonylation assay

SDS-PAGE and Western blotting experiments on N, S, E, and helicase (NSP13) proteins were
conducted to determine whether VBL irradiation reduces viral replication by altering viral
protein structure. As shown in Fig. 6, the S and E proteins exhibited higher oxidation levels
compared to the untreated control when irradiated in the presence of culture medium.
Specifically, oxidation was more pronounced at the 1:3 dilution compared with the 1:20
dilution, while both conditions differed markedly from the PBS control. For the N protein,
the 1:20 dilution showed a more intense band com pared with the control, along with the
appearance of a fainter, higher-molecular-weight band, whose intensity was comparable to
that observed in the control at the expected molecular weight. Additionally, at the 1:3
dilution, the N protein band showed a slight molecular weight shift in the VBL-exposed
sample. No differences were observed for the NSP13 protein across the experimental
conditions tested. These results suggest that oxidative modifications following VBL exposure
primarily affect surface proteins.
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TABLE 2 Whole-genome NGS analysis of SARS-CoV-2a

Sample Pango lineage Substitutions aa substitutions

T0 control virus B.1

T0 virus after 90′ VBL B.1
exposure

12 h P.I. control virus B.1

12 h P.I. virus after 90′ B.1
VBL exposure

C241T-C3037T-C14408T-
A23403G-T23569C

C241T-C3037T-C14408T-
A23403G-T23569C

C241T-C3037T-C14408T-
A23403G-T23569C

C241T-C3037T-C14408T-
A23403G-T23569C

ORF1b:P314L-S:0614G

ORF1b:P314L-S:D614G

ORF1b:P314L-S:D614G

ORF1b:P314L-S:0614G

aThe samples belong to the Pango B.1 genomic lineage and share the same genomic mutations: C241T, C3037T, C14408T,
A23403G, and T23569C with respect to the reference ancestral virus. These mutations correspond to identical amino acid
substitutions in each sample, namely ORF1b:P314L and S:D614G. The analysis suggests that exposure to VBL under the
experimental conditions described in the text did not introduce any change in the virus genome.

DISCUSSION

The sensitivity of viruses to photodynamic inactivation was first reported in the 1930s (37).
However, over the last 40 years, photodynamic procedures for virus inactiva tion have
garnered increasing attention (38). This increased interest stems from the development of
new active photosensitive molecules, advancements in light technolo gies (lasers, LEDs, and
portability) (39), and the recent pandemic emergency.

This study investigated the mechanisms underlying SARS-CoV-2 inactivation in response
to VBL exposure. The results are varied and heterogeneous, indicating the inactivation
process is likely influenced by multiple interconnected mechanisms rather than a single cause.

Cell cycle regulation and RNA integrity

Initial investigation focused on potential light interference with the viral replication cycle and
possible viral RNA damage.

Experimental data showed that VBL exposure does not cause significant changes in the viral
replication cycle, suggesting the replication process remains largely unaffected . Indeed, analysis
of the time course and cellular localization of viral components indicated the main difference
between VBL-exposed and non-exposed viruses lies primarily in the concentration of viral
particles infecting the cells. These results, combined with the TCID50/mL data, led us to
hypothesize that light-induced virus inactivation occurs before viral entry into the target cell.
Other studies support this hypothesis, suggesting irreversible damage to viral structures occurs
before host cell entry (31, 40).

Similarly, results on genetic material integrity showed that damage to ssRNA does not directly
affect viral inactivation. Both qRT-PCR and NGS revealed no significant alteration of viral RNA.
These findings exclude nucleic acid degradation as the primary mechanism and instead highlight
other potential cellular and viral structural perturbations. Further studies support this, ruling
out direct VBL-induced damage to the viral genome that could irreversibly affect the
replication cycle (31, 41). Furthermore, we found no evidence that other viral components, such
as structural and non-structural proteins involved in transporting and protecting genetic
material within the host cell (e.g., N protein) (42), are the primary target of VBL.

Indirect assessment of oxidative stress

Results from the previous experiments allowed us to exclude, with reasonable confi-dence,
some traditionally considered factors in virus inactivation, shifting the focus to remaining
vital components like proteins and the cell membrane. Given the properties of the wavelength
used (405 nm), an additional investigation step was necessary to identify the possible type of
damage caused by VBL. Two potential mechanisms emerged: (i) oxidative damage, where
photosensitive elements produce ROS, triggering a cascade

June 2025  Volume 91  Issue 6 10.1128/aem.00403-25 7
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FIG 4 Viral load reduction of SARS-CoV-2 in different dilutions of culture medium exposed to VBL for 90′. The viral SN was diluted in PBS at different

concentrations to reduce the presence of DMEM culture medium during VBL exposure. The results obtained showed a TCID50/mL logarithmic reduction of the exposed

samples with respect to CVs of 4.719 log10 (for the SN dilution factor of 1:3), 4.543 log10 (for the SN dilution factor of 1:20), and 2.620 log10 (for the SN dilution factor of

1:1,000); percentage reductions achieved were 99.998%, 99.997%, and 99.76%, respectively. The dilution of the medium certainly affecte d

virus survival, suggesting that its presence plays a secondary but relevant role in VBL-mediated viral inactivation. Results were expressed as the logarithm of TCID50/mL

and relative 95% confidence interval (CI) obtained using the improved Kärber.

primarily damaging the membrane and proteins (43), and/or (ii) conformational changes in key
viral structural proteins (44), potentially compromising virus adhesion and cellular uptake, thus
preventing replication.

Experiments incubating the virus with antioxidants (initially only in 1× PBS) during VBL
exposure tested the first hypothesis, revealing that oxidative damage significan tly contributes
to VBL-induced virus inactivation. Indeed, treatment with NAC, AsA, and SOD at different
concentrations partially but significantly prevented SARS-CoV-2 inactivation (reducing it from
99.99% without antioxidants to 99.96% with NAC 0.5 mM and 85.43% with SOD 0.003 mM) (Fig.
5). These data highlight the role of ROS produced during VBL exposure as mediators of
oxidative stress, indicating their interaction with viral components potentially affects
structural stability and functionality (39).

Based on the hypothesis that oxidative stress is a key inactivation mechanism, we
evaluated DMEM cell culture medium as a potential primary source of ROS production. Several
studies suggest photosensitive molecules like riboflavin in suspension media may act as
primary ROS sources upon VBL exposure, potentially compromising viral viability before cell
culture incubation (31, 40). In this context, our results seem to partially diminish the role of
DMEM medium as the primary source of ROS production. The same reduction (>99.99%) was
achieved when the virus was exposed to VBL at 1:3 and 1:20 dilutions in PBS. Therefore, there
appears to be no significant difference in virus viability regardless of the culture medium
concentration used. However, exposing the virus to VBL at a 1:1,000 dilution in PBS yielded
99.76% inactivation. While this slight difference seems biologically insignificant, it does not
allow us to completely exclude the suspension medium’s role as an adjunct in the
inactivation process, suggesting it may play a secondary rather than a central role. Several
studies appear to confirm

June 2025  Volume 91  Issue 6 10.1128/aem.00403-25 8
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FIG 5 Evaluation of antioxidant protection against VBL-induced inactivation of SARS-CoV-2 in different dilutions of culture medium.

The viability of SARS-CoV-2, as measured by log10 TCID50/mL, is depicted in this figure after a 90-min exposure to VBL. The virus was

incubated in DMEM diluted 1:3, 1:20, or 1:1,000 in PBS during irradiation, and various antioxidants were added at two concentrations.

The goal was to ascertain whether these antioxidants could shield the virus from the oxidative stress caused by VBL. In the panels, the

results are presented for (A) NAC at 5 mM (blue patterned bars) and 0.5 mM (white patterned bars), (B) AsA at 5 and 0.5 mM, and (C)

SOD at 0.03 and 0.003 mM. The whiskers of the bars represent the 95% confidence interval. The titers of the non-exposed control virus

(CV) are represented by red diamonds. The CV was incubated under identical conditions (medium dilution, antioxidant type,

concentration, and time) without VBL exposure, and they served as a baseline for maximum viability. The titers of the CV range from 8

to 10 log10 TCID50/mL, according to the s pecific condition.

this hypothesis (32, 33, 45), and our IAV and IBV inactivation results also seem to
corroborate it. Indeed, although the suspension media differed (UltraMDCK for IAV/IBV vs
DMEM for SARS-CoV-2), photosensitive components should also be present and contribute
to influenza virus inactivation, yielding similar results to those seen with SARS-CoV-2.
However, this was not observed, suggesting the inactivation process is likely driven by
intrinsic features of the virus morphology. This remains speculative, as comparing
photosensitive element concentrations between DMEM and the propriet ary UltraMDCK
medium is not possible. Subsequent experiments, exposing the virus to different DMEM
dilutions and antioxidant concentrations, partially confirmed the medium’s secondary role
in inactivation, showing a minimal but measurable increase in cell viability correlating with its
concentration. This increase was proportional to both medium and antioxidant
concentrations, with AsA generally showing better a ability to reduce oxidative stress. Survival
increased to a maximum of 0.5% with 5 mM AsA in

June 2025  Volume 91  Issue 6 10.1128/aem.00403-25 9
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FIG 6 Protein carbonylation assay results. Detection of carbonylated proteins derivatized with DNPH and analyzed by Western blot

in the presence (T) or absence (NT) of VBL exposure. (A) Protein N exposed to VBL showed no visible signs of carbonylation compared

to unexposed controls and different incubation conditions with different dilutions of the culture medium. In general, slight protein

oxidation seems to be visible in all samples, probably due to the experimental conditions under which the tests were carried out. (B)

Protein E showed signs of carbonylation in samples exposed to VBL and incubated with DMEM medium dilutions of 1:3 and 1:20. In this

case, the presence of higher medium concentrations seems to have affected the oxidative state of the protein. Again, a slight

presence of protein oxidation is visible in all samples, probably due to the experimental conditions of the assay. (C) Protein S showed

significant carbonylation in the 1:3 dilution of medium exposed to VBL, although a slight level of carbonylation is also present in the

sample incubated with the 1:20 dilution. Again, it appears that the concentration of medium increases the degree of protein

carbonylation in the presence of VBL. (D) Protein NSP13 showed signs of extensive carbonylation regardless of the variables examined.

Again, the results could be due to a combination of factors related to the intrinsic properties of the protein and the experimental

conditions under which the tests were carried out. Nevertheless, no differences were found between the samples exposed and those not

exposed to VBL.

DMEM 1:20. Although minimal, this increase may offer a partial estimate of the medium’s
effect, but additional tests are required for accurate measurements with high confidence.

Protein oxidation and structural integrity

Experiments were conducted on three structural (S, N, and E) and one non-structural (NSP13)
SARS-CoV-2 protein to test the hypothesis that oxidative stress could be induced by light-
sensitive endogenous or exogenous molecules. Proteins were incubated in neutral medium
(1× PBS) and different DMEM dilutions (matching cell viability tests) to evaluate the direct
effect of light. The aim was to confirm literature findings suggesting significant culture
medium involvement in S protein (and partial N protein) oxidation (31, 34, 46, 47), or to
partially validate our previous results with DMEM. The hypothesis of VBL-induced
conformational change or protein damage was not completely rejected; however, confirming
it depended on detecting protein degradation via SDS-PAGE and Western blotting, which was
not observed.

Exposing the proteins to VBL in 1× PBS showed no significant oxidative stress-induced changes
or molecular weight alterations. This ruled out the possibility that the protein alone promotes
viral inactivation. Supporting this, oxidative damage to viral proteins was most evident in tests
using DMEM as the incubation medium (particularly with S and E proteins), suggesting DMEM
could act as a secondary ROS producer in the presence of VBL. This suggests oxidative stress might
affect the structural and functional integrity of these proteins, partially confirming literature
reports (39, 48). The S protein, critical for SARS-CoV-2 entry and interaction with the host cell
ACE2 receptor (49), showed oxidative
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