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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)
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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
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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

June 2025  Volume 91  Issue 6 10.1128/aem.00403-25 10
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FIG 7 3D representation of the light source and VBL light distribution. (A) Light irradiance simulation on the plane realised with Ansys Speos software. The radio-

photometric simulation was carried out considering the power of each light source (the nine LEDs at 405 nm), the distance of the light sources from the plane, and

empirical measurements taken at various points on the plane using the Avantes ULS2048CL EVO spectrophotometer. As expected, the highest irradiance (section in green) was

measured on the perpendicular plane section below the source (4.3 mW/cm2), while an average irradiance decrease of 83% (0.7 mW/cm2) was recorded on the lateral plane

sections (section in blue). (B) Irradiance on the multi-well plate. The marked area on the plane (in green) represents the point, where the multi-well plate is positioned during

the virus and protein exposure experiments. Before starting the experiments, the temperature at the point of maximum light exposure was measured to exclude it as a

possible risk factor. The measured temperature was not different from room temperature (23°C, 50% relative humidity). (C) Detail of the light distribution on the plate.

changes that could affect its binding affinity or conformational stability. Such structural
changes could hinder viral infection, as damaged S proteins might be unable to perform their
cellular entry function, primarily via the endosomal pathway (50), consistent with entry
dynamics observed in VERO E6 cells (51).

Indeed, oxidative processes can induce post-translational modifications altering protein
structure, folding, net charge, and hydrophobic/hydrophilic balance (52). However, this
assay cannot determine whether these oxidative modifications led to conformational
changes affecting protein interaction or stability, and thus potentially impacting viral
infectivity. Furthermore, the relationship between function loss and protein oxidative
damage is not direct. Nitration and carbonylation can negatively impact target proteins,
but under stress conditions, these modifications might even be beneficial (53). An oxidized
protein might retain normal or only slightly reduced function (54), without affecting cellular
structure or viral replication. This latter point is strongly supported by the cell viability results,
leading to the hypothesis that: (i) proteins most likely do not undergo direct VBL-induced
alterations; (ii) the suspension medium has a secondary effect, contributing to inactivation
likely via membrane protein oxidation; but (iii) medium-induced protein oxidation alone
cannot explain the inactivation results obtained, even at the 1:1,000 DMEM dilution.

SARS-CoV-2 membrane composition and phospholipid oxidation

While protein oxidation alone may not fully explain viral inactivation, combining it with
membrane phospholipid oxidation might help clarify the complex phenomenon observed,
assigning a secondary but supportive role to protein oxidative damage in reducing virus
survival.

Lipid peroxidation, mainly ROS-driven, is well-studied and known to adversely affect
membrane integrity by altering lipid bilayer fluidity and permeability. The lack of oxidative
damage control mechanisms exposes viral envelope phospholipids to

oxidative changes (55). Free radicals such as AAPH (2,2′-Azobis(2-amidinopropane)
dihydrochloride) (56) and DBHN (di-tert-butyl hyponitrite) (57) can accelerate oxidation,

increasing the structural instability of viral phospholipids. VBL-based inactivation could

June 2025  Volume 91  Issue 6 10.1128/aem.00403-25 11
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target this viral membrane vulnerability, as lipid peroxidation can compromise the viral
envelope, rendering it non-functional and limiting its ability to infect host cells.

This assumption seems supported by two key previous findings: (i) the differen t survival
rates of IAV/IBV vs. SARS-CoV-2 after VBL exposure, and (ii) the higher SARS-CoV-2 survival when
co-incubated with SOD during VBL exposure.

Regarding the first finding, differences in the lipid bilayer composition of the two virus
types could account for their varying susceptibility to oxidative stress and VBL exposure.
Indeed, according to a recent study by Saud et al. (58), the SARS-CoV-2 lipid bilayer is composed
mainly of phosphatidylcholine), phosphatidylethanolamine (PE), and phosphatidylinositol (PI),
with modest amounts of phosphatidylserine (PS), phosphati dylglycerol (PG), and
sphingolipids (SLs) like ceramide and dihydroceramide (DHCer). Conversely, cholesterol,
triacylglycerols, free cholesterol, and sphingomyelin (SM) appear largely absent (58). These latter
components, more resistant to oxidative stress than glycerophospholipids, are essential for
maintaining membrane fluidity and flexibility and provide additional support against
prolonged stress (55). The influenza virus membrane presents a different composition. It is
composed mainly of cholesterol (up to 40%) (59), SLs such as SM, glucosyl/galactosylceramide,
and DHCer, phospholipids (PL) including PS and PE, and small amounts of PG (60). The virus’s
complex homeostatic equilibrium may depend on this intrinsic variability in membrane
composition, where type I or II photoinitiators (e.g., Fe(III) atoms, O•−, hydroxyl radicals, ozone,
and H2O2) can trigger widespread, irreversible lipid peroxidation (61), induced by stressors like
VBL.

For the second finding, lipid peroxidation could explain SOD’s superior perform ance
compared to the other antioxidants. In oxygenated solutions, ionizing radiation generates
superoxide, while in deoxygenated water, it produces hydroxyl radicals and solvated electrons
triggering lipid autoxidation cascades. At low concentrations, SOD neutralizes superoxide
radicals, acting as a control mechanism for oxidative stress in complex systems like eukaryotic
cells (55). In our study, the most protective effects were seen when SOD was incubated and
exposed in the 1:1,000 supernatant dilution in PBS. When incubated with the virus and DMEM,
the results were negligible (regardless of concentration), likely due to the secondary ROS
generation process caused by DMEM.

Further studies using advanced techniques are necessary to definitively assess the
preservation state of the viral membrane after VBL exposure and confirm its precise role in the
virus inactivation mechanism.

Conclusion

VBL inhibits SARS-CoV-2 and influenza virus replication primarily by inducing oxidative stress to
the viral membrane, with an emphasis on phospholipids and, to a lesser degree, viral proteins.
The results obtained allow us to hypothesise that the oxidative degrada tion of phospholipids
and the reduced presence of cholesterol and sphingolipids can alter the viral membrane,
reducing the ability of the virus to maintain its structural integrity or interact with host
cells. The results of this study underscore the potential of VBL as a non-invasive disinfection tool
for inactivating viruses such as SARS-CoV-2. This method may be particularly useful in situations
when direct viral exposure is unavoida ble, such as in healthcare facilities or air filtering systems.

In conclusion, VBL has great potential as an innovative, affordable, and scalable
disinfection tool, including against viruses. However, further studies are needed to
optimize its use, particularly in settings where safety and efficacy must be ensured.
Integrating antioxidant therapies with VBL could be a more effective viral inactivation
strategy than using VBL alone, thus improving therapeutic applications and environ mental
disinfection. However, it is essential to recognize some limitations of the study, including the
limited number of viruses tested and the need to consider the complexity of real-world
settings. In this regard, in vivo studies might be useful to better assess prospects. The
potential of VBL as an environmentally friendly and safe alternative to traditional disinfection
methods is considerable, but further research is needed to  define
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the optimal application parameters, such as the amount of energy, duration, source
distance, and exposure time that could be most effective to achieve viral inactivation.

MATERIALS AND METHODS

Experimental setting and photoradiometric simulation

The VBL prototype lamp consisted of nine LEDs centred at 405 nm (±4 nm) positioned on a
square metal stand. The light source was supported by a metal scaffold attached to a 30 cm × 30
cm square base at 32 cm from the light sources, on which the profile of a multi-well plate was
outlined to perform the tests correctly (Fig. 7A).

The characterization of the electromagnetic spectrum was performed using an Avantes
ULS2048CL EVO spectrophotometer (Avantes, Apeldoorn, the Netherlands). The energy map of
the multi-well plate was measured to obtain the distribution of light irradiance (Fig. 7B). The
average irradiance measured within the wells of the plate was 4 mW/cm2.

The test setup, the number of LEDs, and their position in the device were designed using
Ansys Speos software. Subsequently, a simulation was conducted to ensure that the light
distribution was uniform in all wells of the plate, and then empirically con firmed the
simulated values by measuring the light distribution at 405 nm (Fig. 7C). The following
photometric simulation parameters were set:

• radiant flux of VBL LEDs = 1.4 W, taken from the LED datasheet as the median value of the
intermediate production bin;

• Lambertian type of intensity with an aperture angle of 130°; and
• 7% absorption of VBL by the polymer cover protecting the LEDs.

Fig. S1 shows the specifications of the type of LEDs used and the characterization of
their light spectrum, carried out using the Avasoft measurement software (Avantes,
Apeldoorn, the Netherlands).

SARS-CoV-2 and influenza viruses

The SARS-CoV-2 variant used for the experiments was the wild-type B.1 (GISAID code
EPI_ISL_2472896), kindly provided by the Department of Biomedical and Clinical Sciences, Luigi
Sacco, University of Milan, Italy. The cell line used to propagate the viral stock was VERO E6, a cell
line with epithelial morphology originally isolated from the kidney of an African green
monkey (ATCC CRL-1586). VERO E6 cells were propagated in DMEM high glucose medium
(Euroclone, Pero, Italy) supplemented with 10% fetal bovine serum (FBS; Euroclone, Pero, Italy)
and 1% streptomycin/penicillin (PS) (Euroclone, Pero, Italy) in a humidified incubator at 37°C
with 5% CO2. After propagation, the viral stock was titrated in VERO E6 as previously described
(62). To perform viral infection, the same DMEM medium but with 1% FBS concentration was
used.

The influenza viruses used for the experiments were A/Wisconsin/588/2019 (H1N1), as
representative of IAVs, and B/Austria/1359417/2021 (B/Victoria lineage) (NIBSC 21/218),
representative of IBVs. The cell line used to propagate both viruses was the Madin-Darby Canine
Kidney (MDCK) (ATCC CCL-34). MDCK cells were cultured in Eagle’s minimum essential medium
(Lonza, Milano, Italy) supplemented with 2 mM L-Glutamine (Lonza, Milano, Italy), 1% non-
essential amino acid solution (Sigma-Aldrich, St. Louis, MO, USA), 100 units/mL PS mixture
(Lonza, Milano, Italy) and 10% FBS (Euroclone, Pero, Italy), in a humidified incubator at 37°C
with 5% CO2. To perform viral infection, UltraMDCK serum-free medium (Lonza, Milano, Italy)
with 1% PS and 1 µg/mL Trypsin TPCK treated (Sigma-Aldrich, St. Louis, MO, USA) was used. After
propagation, the viral stock was titrated in MDCK cells as previously described (63).

June 2025  Volume 91  Issue 6 10.1128/aem.00403-25 13
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Virus exposure to VBL

Viral suspensions of SARS-CoV-2 and influenza (IAV and IBV) were exposed to VBL, in DMEM or
UltraMCDK medium in microtiter wells (300 µL per well) of a multi-well plate, at

different doses of light energy: 22′30″ (dose of 5.4 J/cm2), 45′ (10.8 J/cm2), and 90′ (21.6 J/cm2).
In all exposures, a non-VBL-exposed virus was used as control.

In all subsequent experiments, the SARS-CoV-2 SN was exposed for 90′ of continuous irradiation
under the VBL lamp at a 30 cm distance from the light source, with an

irradiation of 4 mW/cm2. Each virus SN was tested at 1:3, 1:20, and 1:1,000 dilution in PBS to
account for the cell culture medium effect. The same experiments were performed with the
addition of alternative antioxidants: NAC (5 and 0.5 mM) (VWR International, Radnor, PA, USA),
AsA (5 and 0.5 mM) (VWR International, Radnor, PA, USA), and SOD (0.03 and 0.003 mM) (Thermo
Fisher Scientific, Waltham, MA, USA). In all experiments, non-VBL-exposed SARS-CoV-2 (without
the addition of antioxidants) was used as control.

Immunofluorescence assay

The spatiotemporal distribution of the SARS-CoV-2 N protein, S protein, and dsRNA was
investigated by immunofluorescence on VERO E6 cells infected with the VBL-exposed and
unexposed virus. The cells were seeded 24 h before infection on 24-well plates and covered with
sterile borosilicate cover glasses (diameter 13 mm, thickness no. 1.5, VWR International). On the
day of infection, the SARS-CoV-2 stock was irradiated under the

VBL lamp for 90′ and then used to infect the pre-seeded VERO E6 cells. In parallel, VERO E6 cells
were infected with the unexposed CV at 0.2 MOI, and uninfected cells were used

as cell control. The infected cells, both with the VBL-exposed virus and with the CV, and the
uninfected cells were then fixed with 10% paraformaldehyde for 20′ at 4, 8, and 12 h post-
infection.

The immunofluorescence assay was then performed as previously reported (62). Briefly,
after the permeabilization step (0.5% Triton X-100, 7′), non-specific binding sites were blocked in
3% bovine serum albumin (BSA; Life Technologies, Carlsbad, CA, USA) for
1 h, then cells were incubated overnight with primary antibody (anti-dsRNA, anti-NP, or anti-S)
diluted in PBS containing 0.5% BSA + 0.5% Triton X-100. After washing steps (PBS containing 0.5%
BSA + 0.5% Triton X-100 + 0.05% Tween20), the cells were incubated for 1 h with AlexaFluor
488- or 568-labeled secondary antibody (Life Technologies, Carlsbad, CA) diluted in PBS with
0.5% BSA + 0.5% Triton X-100. Coverslips were mounted in Fluoromount Aqueous Mounting
Medium (Merck, Darmstadt, Germany) and pictures of stained cells were taken through a
confocal microscope (Zeiss LSM500; Carl Zeiss, Germany). The number of viable cells was
determined by the count of cells

stained with 4′,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, St. Louis, MO, USA) and
randomly (five fields) counted at 40× original magnification to the confocal microscope.

To determine the percentage of SARS-CoV-2 infection, dsRNA-, N-, or S-expressing cells were
counted, and data were reported as the percentage of positive cells/slide. Reagents for
immunofluorescence (PBS, Triton X-100, and Tween20) and anti-dsRNA, anti-N, and anti-S
antibodies were obtained from Merck (Darmstadt, Germany).

The number of cells was determined by the count of cells stained with DAPI and
randomly counted (five fields) at 40× original magnification. dsRNA-, S-, and N-express ing cells
were counted, and data were reported as the percentage of positive cells/slide. Images were
pre-processed using ImageJ software (US National Institutes of Health, Bethesda, MD, USA). The
colocalization of S and N proteins was represented as white dots using the colocalization plug-in.

Virus titration after VBL irradiation

All viral SNs were harvested and titrated to evaluate the rate of virus inactivation and to test
whether the SN retained the ability to infect cells. At the end of VBL exposure to SARS-CoV-2, IAV,
and IBV, titration was performed as previously reported (62–64).

At the beginning, SARS-CoV-2, IAV, and IBV were titrated in serial 1 log10 dilutions to obtain a
TCID50 on 96-well culture plates of VERO E6 or MDCK cells, respectively. After 72
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h of incubation at 37°C with 5% CO2, plates were observed for the presence of cytopathic effect
(CPE) by means of an inverted optical microscope. The viral titer was calculated using the Reed-
Muench method and expressed as TCID50/mL.

ELISA assay and quantification of CPE were initially performed as screening experi ments to
optimize experimental conditions, to identify influencing variables, and to determine the
most suitable readout for subsequent analyses. Notably, all three titrations revealed a 3 log10
reduction of the VBL-exposed virus titer compared to the untreated control, as we can observe
in Table S3. Considering these results, we decided to proceed using the quantification of CPE as
readout for all subsequent experiments.

For the titration of SARS-CoV-2 after VBL exposure with and without antioxidants, the virus
was titrated by performing fivefold serial dilutions of irradiated and control SNs in 96-well
adhesion plates. The dilutions were used to infect pre-seeded VERO E6 cells at 70% confluence.
After 72 h, cell viability was measured by the CellTiterGLO 2.0 assay (Promega, La Jolla, CA, USA).
The viral titer was calculated using the improved Kärber method and expressed as TCID50/mL.

Detection and quantification of SARS-CoV-2 RNA by qRT-PCR, Qubit assay, and NGS
analysis

Viral RNA extraction was performed from the VBL-exposed and the CV SNs using a
homemade guanidine thiocyanate-based (GuSCN) extraction method. Then, cDNA was
generated using the LunaScript RT SuperMix Kit (New England Biolabs, MA, USA). qRT-PCR was
performed using the Luna Universal Probe qPCR MasterMix (Euroclone, Pero, Italy) in a total
volume of 20 µL containing 5 µL of cDNA, 10 µL of 2× Luna MasterMix, 10 pM each forward
and reverse primer, 2.5 pM FAM-labeled probe and RNase-free sterile water to the final
volume. The samples were then loaded on a Rotor-Gene Q instrument (Qiagen, Hilden,
Germany) to detect the fluorescence intensity of the FAM-TaqMan probe in each sample, and
results were analyzed using the Rotor-Gene Q 2.3.1 software. Each cDNA was quantified in
duplicate, with primers and probes designed on the NC_045512.2 reference strain targeting
the SARS-CoV-2 polybasic cleavage site in the spike region. To quantify viral RNA in culture SNs,
a standard curve obtained by diluting a control plasmid that was previously quantified by
ddPCR (65) was used in each qRT-PCR run to interpolate the cycle threshold (Ct) generated by SNs.
Eventually, RNA concentration of the CV and of the VBL-treated virus was evaluated with
fluorimetric Qubit assay (Qubit 4 Fluorometer) based on binding of RNA-selective fluorescent
dyes, using the RNA Assay Kit (Life Technologies, Waltham, MA, USA).

The NGS analysis was carried out using the MiSeq system (Illumina, San Diego, CA, USA). The
VBL-exposed and the CV SN-extracted RNAs were used to prepare the library for SARS-CoV-2
whole-genome sequencing by using the COVIDSeq Assay (Illumina, San Diego, CA, USA) and
Artic V4.1 SARS-CoV-2 primers, following the manufacturer’s instructions. SARS-CoV-2 sequences
were assembled with the DRAGEN COVID lineage software (version 4.0.6).

Protein carbonyls labeling with DNPH

Purified SARS-CoV-2 (2019-nCoV) Nucleocapsid Protein (His tag), SARS-CoV-2 (2019-nCoV) Spike
Protein (RBD, His Tag), SARS-CoV-2 (2019-nCoV) envelope (CoV-E) protein, and SARS-CoV-2 (2019-
nCoV) Helicase-His Recombinant Protein were purchased (Sino Biological, Eschborn, Germany),
to facilitate their individual characterization. Specifically, we aimed to determine whether
exposure to light could induce oxidative damage using the DNPH assay.

The 2,4-dinitro-phenylhydrazin (DNPH) is a specific probe that reacts with protein
carbonyl groups, forming protein-conjugated dinitrophenylhydrazones (DNP). These protein-
DNP adducts are recognized by specific primary antibodies, allowing DNPH to be used for the
derivatization of protein carbonyls and subsequent analysis by the Western Blot method. For
each protein, 3 µg per condition were exposed to VBL in 1× PBS, 1:3 DMEM in PBS, and 1:20 DMEM
in PBS at room temperature for 90 min. Untreated samples
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were kept under the same conditions, away from VBL, in Eppendorf tubes. The samples were
derivatized by adding an equal volume of derivatization solution (DNPH 5 mM, TFA 5%
vol/vol, and SDS 6% wt/vol) and incubated for 30 min at room temperature in the dark,
vortexing every 10 min. An equal volume of neutralization solution (Tris 1 M, 30% glycerol, 2%
beta-mercaptoethanol, and bromophenol blue traces) was added to stop the derivatization
reaction. Finally, the samples were boiled for 5 min at 95°C and resolved by SDS-PAGE.

SDS-PAGE and western blot

Immunoblot was performed according to a previous study (66). The samples were resolved
by SDS-PAGE using 4–12% Bis-Tris gels (Invitrogen), transferred to PVDF membrane, and
incubated overnight at 4°C with a primary anti-dinitrophenyl antibody (Merck KGaA,
Darmstadt, Germany) diluted 1:10,000 in 3% milk-0.1% Triton X-100 in 1× PBS. The following day,
membranes were washed three times in 3% milk-0.1% Triton X-100 in 1× PBS for 10 min each,
then incubated for 2 h at room temperature with a secondary anti-rabbit-HRP conjugated
antibody (Merck KGaA, Darmstadt, Germany) diluted 1:5,000 in 3% milk-0.1% Triton X-100 in 1×
PBS. Membranes were washed three times in the same solution. In the end, membranes were
washed for 15 min with Triton X-100 in 1× PBS and two times with Tris-HCl 0.05 M pH 6.8. The
chemiluminescent signal was detected with Lite Up (Euroclone S.p.A., Milan, Italy) and
captured with Imagine Quant Las 4000 (GE Healthcare, Milan, Italy). Ponceau red staining (SERVA
Electrophoresis GmbH Heidelberg, Germany) was performed as a control (Fig. S2).

Statistical analysis

All viral viability data collected during the study were entered into a database, includ ing the
following variables: test date, test identifier, TCID50/mL, virus species, and test inoculum
concentrations. Descriptive statistics of the empirical data were calculated as the mean of the
logarithmic reduction in base 10 (log10) of the TCID50/mL together with 95% confidence
intervals to assess the reliability of the measurements. Microsoft Excel software (ver. 2021) was
used to organize the database. Statistical analysis was performed with Stata software (ver. 17).
For the immunofluorescence assay, statistical analyses were performed using Prism 9 software
(GraphPad Software, La Jolla, CA, USA). Differences between VBL exposure and virus control were
estimated using a two-way ANOVA. Values were expressed as the mean ± SD and P < 0.05 was
considered statisti cally significant.
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A B S T R A C T

Doravirine and islatravir have shown promising activity against multidrug resistant HIV-1. In this study we
aimed to evaluate the in vitro susceptibility to doravirine and islatravir as well as their combinatorial activity in a
panel of 38 recombinant viruses harboring multiple NRTI and NNRTI mutations. One additional recombinant
virus had the M184V mutation alone. According to the IC50 fold-change (FC) values calculated with respect to the
NL4-3 wild-type strain, full susceptibility to doravirine was detected in 15/39 (38.5 %) samples, while high-level
resistance was mainly associated with specific doravirine resistance mutations. Decreased susceptibility to
islatravir was associated with the presence of the M184V/I mutation and increasing numbers of TAMs and NRTI
resistance mutations. According to ZIP model of the SynergyFinder Plus tool, the combination of doravirine and
islatravir showed additive activity in 37/40 (92.5 %) viruses (including the NL4-3 strain), while synergy and
antagonism in one and two cases, respectively. The combination sensitivity score calculated by SynergyFinder
Plus indicated a cooperative effect between doravirine and islatravir higher than that observed for the reference
NL4-3 strain in 22 (56 %) recombinant viruses. The Multi-dimensional Synergy of Combinations (MuSyC) tool
predicted synergy and antagonism in 25 (62.5 %, including NL4-3 virus) and 15 (37.5 %) cases, respectively.
MuSyC scores showed a negative correlation with doravirine FC values, number of NRTI mutations and presence
of M184V/I, but not with islatravir FC values. Doravirine and islatravir may cooperatively inhibit NRTI and
NNRTI resistant viruses despite complex mutational profiles, however the accumulation of resistance mutations
may reduce the combinatorial activity.

1. Introduction

Doravirine is an HIV-1 non-nucleoside reverse transcriptase inhibitor
(NNRTI) approved in 2018 both as first-line regimen and as mainte-
nance option in virologically suppressed people living with HIV-1
(PLWH). Doravirine has shown to retain in vitro activity against

different HIV-1 subtypes harboring the most common NNRTI resistance
associated mutations selected by older NNRTI, including K103N, Y181C,
G190A, and K103N/Y181C double mutants (Lai et al., 2014; Feng et al.,
2016; Asante-Appiah et al., 2021). Doravirine demonstrated high ge-
netic barrier to resistance with both wild-type and NNRTI resistant
isolates in vitro, resulting in delayed viral breakthrough compared to
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other NNRTI such as rilpivirine, etravirine or efavirenz (Feng et al. 2015,
2016). The substitutions emerging during these experiments included
V106A/M, V108I, F227C/I/L, and L234I, which were shown to reduce
susceptibility to doravirine but not to other NNRTI, indicating a partially
distinct resistance profile. Other mutations emerging during clinical
trials and associated with reduced phenotypic susceptibility to dor-
avirine were A98G, V106I, Y188L, H221Y, P225H, Y318F, always
detected as multiple mutations except for Y188L which emerged as
single mutant in one case and was associated with high level resistance.
The viruses with emerging mutations retained activity against rilpivirine
and etravirine in most cases, confirming the partly unique resistance
profile among the NNRTI class (Martin et al., 2020; Orkin et al., 2023).
However, susceptibility to doravirine may be reduced by complex pat-
terns of NNRTI mutations, particularly in the presence of more than
three aminoacidic substitutions, even in absence of specific doravirine
resistance signature mutations (Saladini et al., 2021, 2023; Asante-Ap-
piah et al., 2021).

Islatravir is an investigational first-in-class nucleoside reverse tran-
scriptase translocation inhibitor (NRTTI), currently under phase III
clinical evaluation. Different from nucleoside/nucleotide reverse tran-
scriptase inhibitors (NRTI), islatravir is a deoxyadenosine analog with a
3—OH group allowing either to act as immediate or delayed chain
terminator, depending on the interaction of the 4 -ethynyl group with a
conserved hydrophobic pocket in the polymerase active site, resulting in
a strong inhibition of translocation of viral RT and synthesis of viral DNA
(Michailidis et al., 2009). Islatravir was shown to retain activity across
different subtypes and superior potency against variable patterns of
NRTI mutations (Kawamoto et al., 2008; Maeda et al., 2014; Grobler
et al., 2018; Njenda et al., 2018; Diamond et al., 2022). Interestingly, the
NRTI mutations K65R and L74V have been shown to confer hypersus-
ceptibility to islatravir (Kawamoto et al., 2008; Diamond et al., 2022;
Grobler et al., 2018). Resistance to islatravir is mainly driven by the
M184V/I mutation, which has been selected in vitro alone or together
with V90I, A114S or I142V + T165R, although these substitutions had a
minimal or no impact on islatravir susceptibility in the absence of
M184V/I (Kawamoto et al., 2008; Oliveira et al., 2017; Cilento et al.,
2021; Diamond et al., 2022).

Recent in vitro dual selection experiments with doravirine/islatravir
resulted in the limited emergence of resistance mutations starting from
both wild-type and NRTI and/or NNRTI resistant viruses, suggesting a
highly favorable interaction between the two drugs (Brenner et al.,
2023).

In this study we performed in vitro isobolographic analysis of com-
binations of islatravir and doravirine to evaluate their combinatory ac-
tivity against HIV-1 isolates harboring NRTI and/or NNRTI mutations
derived from highly treatment-experienced PLWH.

2. Materials and methods

2.1. Clinical samples

Plasma samples were mainly collected from individuals enrolled in
the Italian PRESTIGIO Registry (NCT04098315), which includes PLWH
with documented genotypic resistance to NRTI, NNRTI, protease in-
hibitors (PI) and integrase strand transfer inhibitors (INSTI) (Clemente
et al., 2024). Genotypic resistance to a drug class was defined as at least
intermediate resistance to at least one drug in the class, according to the
Stanford HIVdb algorithm, version 9.7. Additional plasma samples were
collected at the University Hospital in Siena, Italy, following completion
of routine HIV genotyping tests and patient informed consent, as
approved by the local Ethics Committee of the University Hospital.

2.2. Cells and reagents

293T Lenti-X cells (Takara Bio) were cultured in DMEM high glucose
with L-glutamine, supplemented with 10 % fetal bovine serum (FBS),

100 U/mL penicillin, and 100 g/mL streptomycin. The TZM-bl and MT-
2 cell lines were obtained from the Centre for AIDS Reagent of the Na-
tional Institute for Biological Standards and Control. TZM-bl cells were
cultured in DMEM high glucose with L-glutamine, supplemented with
10 % FBS, 100 U/mL penicillin and 100 g/mL streptomycin, while MT-
2 cells were cultured in RPMI with 2 mM L-glutamine, supplemented
with 10 % FBS, 100 U/mL penicillin and 100 μg/mL streptomycin. All
cell culture media and reagents were obtained from EuroClone.

2.3. Antiviral drugs

Doravirine and islatravir were kindly provided by Merck Sharp &
Dohme LLC.

2.4. Generation of recombinant viruses

Recombinant viruses were generated through homologous recom-
bination between a modified NL4-3 vector lacking the region encom-
passing the Gag cleavage sites, the protease and the first 290 amino acids
of reverse transcriptase (pNL4-3ΔPR-RT, HXB2 nucleotide coordinates
of deletion 1850–3420) and a clinically derived PCR fragment corre-
sponding to the deletion (Saladini et al., 2018). For the amplification of
the target region, viral RNA was extracted from the bottom 0.4mL
following centrifugation of 1.5mL of plasma at 20,000×g for 90 min, by
using the EZ1 automatic system and the DSP Virus Kit (Qiagen) ac-
cording to the manufacturer’s instructions. The reverse transcription
and first-round PCR were performed using the SuperScript III One-Step
RT-PCR System with Platinum Taq High Fidelity (Invitrogen) using the
primers P210 (5 -ACCCTTCAGGAACAAATAGSATGGA-3 , HXB2 nucle-
otide coordinates 1513–1537) and P220 (5 -TTCTGCTATT
AAGTCTTTTGMTGGGTCRTA-3 , HXB2 3504–3533). Two microliters of
the first-round PCR were used as the template for a nested PCR including
the Q5 Hot Start High-Fidelity DNA Polymerase (New England Biolabs)
and the primers P240 (5 -CAAAGGAACCCTTYAGAGAYTATGT-3 , HXB2
1655–1679) and P533 (5 - GCTAYTAARTCTTTTGWTGGGTCATA-3 ,
HXB2 3504–3529). Triplicate nested PCRs of each sample were purified,
combined with 10 μg of linearized pNL4-3ΔPR-RT and co-transfected in
293T Lenti-X cells through a calcium phosphate method as previously
described (Saladini et al., 2018). Supernatants harboring recombinant
viruses were harvested 48 h post transfection and expanded in MT-2
cells to increase viral titers. In presence of large cellular syncytia, su-
pernatants were harvested and stored at 80 ◦C.

2.5. Determination of the in vitro susceptibility to doravirine and islatravir

In vitro susceptibility to doravirine and islatravir was determined in
duplicate through a TZM-bl cell-based assay previously shown to
correlate well with the reference phenotypic Phenosense Assay (Saladini
et al., 2018). Briefly, 10,000 TZM-bl cells/well were infected with the
wild-type NL4-3 strain or NRTI/NNRTI resistant recombinant viruses at
multiplicity of infection of 0.03 in the presence of five-fold dilution of
doravirine (range 10 μM–0.00512 nM) and islatravir (range 5
μM–0.00256 nM). After 48 h, cells were treated with the Glo-Lysis buffer
(Promega) and virus replication was measured as relative luminescence
units by using the Bright-Glo Luciferase Assay with the GloMax Discover
instrument (Promega) and elaborated with GraphPad software to
calculate half-maximal inhibitory concentration (IC ) values. The IC
fold-change (FC) values were calculated with respect to the IC    value
obtained with the NL4-3 wild-type strain. Viruses with FC > 100 were
considered as FC = 100 for statistical analyses. For doravirine, the 3-fold
biological cut-off as determined by Monogram Biosciences was consid-
ered to infer clinical resistance. Currently, neither clinical nor biological
cut-offs are available for islatravir.
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2.6. HIV-1 sequencing, subtyping and genotypic prediction of drug
activity

PCR amplicons generated to produce recombinant viruses were
sequenced by Sanger population sequencing using primers P214 (5 -
TTTGCCAGGAAAATGGAAACCAAAAATGAT-3 , HXB2 2363–2392) and
P533. The HIV-1 subtype was assigned by using the COMET HIV-1
subtyping tool (Struck et al., 2014). According to the Stanford HIVdb
algorithm version 9.7, the following NNRTI mutations with score equal
to or higher than 15 were considered as associated with resistance to
doravirine: L100I, V106A/L/M, Y188F/L, G190E/S/Q, P225H,
F227C/I/L/V, M230L, L234I, Y318F.

2.7. Determination of the combinatorial activity of doravirine and
islatravir

The combinatorial activity or doravirine and islatravir was deter-
mined in a 6 × 6 drug concentration matrix assay by infecting 10,000
TZM-bl cells/well with the wild-type NL4-3 strain or NRTI/NNRTI
resistant viruses at least in duplicate. The NL4-3 virus was used as a
reference to evaluate the combinatorial activity in the absence of
resistance mutations. For each virus, the concentrations of doravirine
and islatravir used in the combination matrix were chosen based on the
respective dose-response curve. In particular, the range of concentra-
tions was selected to obtain from no effect to complete inhibition of viral
replication according to the activity of each drug, thus viruses showing
lower susceptibility to an individual drug required higher concentra-
tions of that drug in the drug combination analysis. Dilutions of drugs
were combined in a checkerboard format, meaning that serial dilutions
of one drug are distributed across rows, while the dilutions of the other
drug are distributed among columns. After 48 h, luminescence values
were normalized to calculate the percentage of inhibition of viral
replication and elaborated with the SynergyFinder Plus tool (https://
synergyfinder.org/) to calculate synergy scores using the Zero Interac-
tion Potency (ZIP) model (Yadav et al., 2015; Zheng et al., 2022). Values
lower than 10, from 10 to 10 and higher than 10 are associated with
antagonistic, additive and synergistic effect, respectively. SynergyFinder
Plus was also used to calculate the combination sensitivity score (CSS),
which represents a quantitative measure of the overall efficacy of a drug
combination, providing a single metric that summarizes the drug pair’s
effectiveness and potency across the concentrations tested in the drug
combination analysis. The score is calculated by considering both the
level of inhibition and the changes in the shapes of the dose-response
curves across all drug combinations with respect to the curves of sin-
gle drugs. (Malyutina et al., 2019). Data from concentration matrices
were also analyzed through the Multi-dimensional Synergy of Combi-
nations (MuSyC) tool (https://musyc.lolab.xyz/), which has been
developed to address two types of synergy in drug combinations (Meyer
et al., 2019; Wooten et al., 2021). MuSyC extends the Hill equation into
a two-dimensional (2D) model, allowing differentiation between syn-
ergistic potency and efficacy. The MuSyC software analyzes the effect of
combination of drugs using two different indicators. The β parameter
represents the percentage change in the effect of a drug combination
over the most effective single drug. For synergistic efficacy (β > 0), the
combination effect at the maximum concentration of both drugs exceeds
the maximum effect of either drug alone. Conversely, for antagonistic
interaction (β < 0), one or both drugs are more effective as single agents
than when used in combination. The α parameter measures how the
effective dose (IC ) of one drug is influenced by the presence of the
other. Since each drug can independently affect the potency of the other,
α12 and α21 (effect of drug1 on potency of drug 2 and vice versa,
respectively) values are calculated for both drugs. This allows to
describe cases where a drug combination exhibits synergistic potency in
one direction (α12 > 0) and antagonistic potency in the other (α21 < 0), or
vice versa. In this study, drug 1 was islatravir and drug 2 was
doravirine.

2.8. Statistical analysis

The Spearman test was used to test the correlation between fold-
change values, ZIP and CSS scores from SynergyFinder Plus analysis,
number of TAM and NRTI mutations, α and β scores from MuSyC anal-
ysis. The Jonckheere-Terpstra test was used to analyze the association of
phenotypic drug susceptibility of doravirine with the Stanford HIVdb
susceptibility level. The Mann-Whitney test was used to compare
phenotypic susceptibility values of either doravirine or islatravir
depending on the presence of specific doravirine resistance mutations or
the presence of M184V/I mutation, respectively. All statistical analyses
were performed by SPSS (IBM Corporation) version 20.

3. Results

3.1. Clinical samples

We selected 39 plasma samples from 38 PLWH harboring virus with
NRTI and/or NNRTI resistance mutations. According to the information
available from 33 PLWH, at sample collection the median viral load was
4.3 [IQR 3.4–5.1] log copies HIV-1 RNA/mL, 13 (39.4 %) and 2 (6.1 %)
were on treatment with NRTI or NNRTI, respectively, while 12 (36.4 %)
were receiving both NRTI and NNRTI. The NRTI included in the treat-
ment were lamivudine or emtricitabine in 21 (63.6 %) cases, tenofovir
DF or alafenamide in 19 (57.6 %) cases, and zidovudine in 1 (3.1 %)
case, while the NNRTI were etravirine in 12 (36.4 %) cases, rilpivirine
and doravirine in 1 case each (3.0 %).

3.2. In vitro susceptibility to doravirine and islatravir

According to the 3-fold biological FC cut-off, 15/39 (38.5 %) viruses
were fully susceptible to doravirine, while 9/39 (23.1 %) showed high-
level resistance with >100 FC. The 13 viruses (33.3 %) with doravirine
resistance mutations had a significantly higher median FC value
compared to viruses without (100 [16.4–100] vs. 2.4 [0.6–6.6], P <
0.0001). The distribution of FC values strongly correlated with the levels
of predicted susceptibility to doravirine as determined by the HIVdb

Fig. 1. Distribution of doravirine IC    fold-change values according to the
predicted susceptibility levels as determined by the Stanford HIVdb algorithm.
Abbreviations: S, susceptible; PLLR, potential low-level resistance; LLR, low-
level resistance; I, intermediate resistance; R, high-level resistance; BCO, bio-
logical foldchange cut-off value.
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algorithm (P < 0.0001) (Fig. 1). However, viruses with predicted low-
level or intermediate resistance were associated with a wide range of
FC values, with 5/19 (26.3 %) viruses showing a FC < 3 suggesting full
susceptibility (Table 1). Enhanced susceptibility to doravirine (fold-
change <0.4) was detected in four viruses, two from the same patient
with NNRTI mutations E138A + G190A (cases 19 and 31), and two with
K103N + Y181I (case 17) or K101E + E138K (case 35).

The median FC values to islatravir in the whole virus panel was 3.9
[1.3–10.4], with viruses harboring the M184V/I mutation (n = 26)
showing a higher median FC value compared with those without (7.7
[3.6–13.2] vs. 1.3 [0.8–2.2], respectively; p < 0.0001). Both the total
number of NRTI resistance mutations and the number of TAMs had a
strong positive correlation with islatravir FC values (rho = 0.342, p =
0.03; rho = 0.597, p < 0.001; respectively). Increasing numbers of TAMs

resulted in higher resistance to islatravir also in the subset of viruses
harboring the M184V/I mutation (Fig. 2). The only one virus harboring
the M184V mutation alone (case 32) showed a FC value of 10.4.
Enhanced susceptibility to islatravir was detected in two cases, one with
mixed L74LI (case 38), one with a complex pattern of mutations
including A62V, D67N, K70E, V75I, Y115F, F116Y, Q151M, M184V
(case 29).

3.3. Evaluation of the combinatorial activity using the SynergyFinder plus
software

According to the synergy scores calculated through the ZIP model,
the combination of doravirine and islatravir was additive in 37/40 (92.5
%) cases, including the wild-type NL4-3 virus which showed a ZIP score

Table 1
Genotypic and phenotypic susceptibility of viruses harbouring NRTI and NNRTI resistance associated mutations (RAM).

Virus Subtype

1 B

2                B
3                B

4                B
5                B
6                B
7                B
8                B
9                B
10               B

11              F1
12               B
13               B
14               B
15               B
16               B

17 B

18 B

19* B

20               B
21               B

22 B

23              F1
24               B
25               B
26               B
27               B

28               B
29               B

30               B
31*              B

32 B
33 B
34 B

35 CRF01_AE
36               B
37 B
38 B
39 B

NRTI RAM

M41L, D67G, S68G, K70R, L74I,
M184V, T215Y, K219E

M41ML, T215F
M41L, A62V, V75I, L210W,

T215CHRY
L74V

M41L, T215Y
D67N, T69D, K70R, M184MV, T215TAIV, K219Q

D67N, K70R, M184V, T215F, K219E
M41L, T69D, M184V, L210W, T215Y
D67N, K70R, M184V, T215F, K219Q

M41L, E44D, S68G, L74V, M184V, L210W,
T215Y, K219N

D67N, K70R, T215L, K219E
D67N, T69D, L74LI, V75S, T215L, K219Q
M41L, D67N, L74V, L210W, T215C, K219N

K70Q, M184MV, T215F
K65R, Y115F, M184V

D67G, S68SG, K70KE, V75IT, M184V

M41L, E44D, D67N, T69D, M184V, L210W,
T215Y, K219KR

M41L, E44D, D67N, K70KQ, V75M, F77L, M184I,
L210W, T215Y

M41L, E44D, D67N, K70Q, V75M, F77L, M184I,
L210W, T215Y, K219R

M41L, L74V, Y115F, M184V, T215Y
M41L, D67N, V75I, M184MV, L210W, T215Y,

K219N
M41L, A62AV, D67N, K70G, V75I, M184MV,

L210W, T215Y, K219Q
M41L, D67N, T69S_ES, F77L, L210W, T215Y

D67N, K70R, T215E, K219Q
M41L, S68G, M184V, L210W, T215C, K219E
M41L, E44D, L74V, M184V, L210W, T215Y
M41L, E44D, D67G, V75M, M184V, L210W,

T215Y, K219N
M41L, M184V, L210W, T215Y, K219E

A62V, D67N, K70E, V75I, Y115F, F116Y,
Q151M, M184V

M41L, M184V, L210W, T215Y, K219E
M41L, E44D, D67N, V75M, F77L, M184I, L210W,

T215Y, K219R
M184V

D67G, T69ins, K70T, T215Y
M41L, D67del, T69G, K70R, M184V, T215F,

K219E
S68G, K70G

M41L, D67N, T215Y
M41L, M184V, T215Y

L74LI
A62V, D67N, K70E, V75I, Y115F, F116Y,

Q151QKLM, M184MV

NNRTI RAM

A98G, K103N, Y181C, P225H

E138EG, Y181C
K103N, Y181V

L100I, K103N, K238N
K103N, Y181C

K103NS, Y181C, G190S
V108I, E138A, Y181V

V108I, Y181C
A98G

L100I, E138R, V179L

K101E, Y181C, G190A
A98G, L100I, K103N, E138Q

L100I, K103N, E138G
E138Q, V179E, Y181C
Y181C, H221Y, M230I

K103KR, V108VI, V179E, Y181C,
G190A, H221Y
K103N, Y181I

K101KE, E138A, V179F, Y181V

E138A, G190A

Y181C
L100I, K103N, V179T

K101E, Y181C, G190A

K103N
K101H, V108I, Y181C, G190A

Y181I
K103N, E138A, P225H, M230L
L100V, K101H, V179F, Y181C,

G190A
K101E, E138A, G190Q

L100I, V179D, G190Q, F227L

L100I, K103S
E138A, G190A

None
K103N, G190A
K103N, Y181C

K101E, E138K
K103N, Y181I
V106I, Y188L
E138K, G190E

L100I, V179D, G190Q, F227L

Doravirine fold-
change

16.2

1.3
8.2

10.4
4.8
21.6
10.1
4.1
3.3
20.6

6
>100
7.3
1.1
76
4.2

0.3

0.4

0.3

2.6
16.6

1.4

0.4
36.4
1.3

>100
>100

>100
>100

>100
0.3

3
1.3
2.2

0.3
0.6

>100
>100
>100

Islatravir fold-
change

7.3

3.4
2.5

0.6
1.3
2.8
14.9
8.5
13.7
3.8

1.3
1.8
0.7
3.9
2.4
6.6

8

16

37.8

3.1
4.5

2.3

8.1
1
5.5
20.9
26.4

9.8
0.2

10.4
5.4

10.4
0.8
12.6

0.9
1.4
13
0.3
0.8

Predicted doravirine
resistance

R

S
PLLR

I
PLLR

I
LLR
LLR
PLLR
LLR

I
I
I
S
I
I

PLLR

I

S

S
I

I

S
I
I
R
I

I
R

LLR
S

S
S

PLLR

LLR
PLLR

R
R
R

Abbreviations: S, susceptible; PLLR, potential low-level resistance; LLR, low-level resistance; I, intermediate resistance; R, high-level resistance. *Samples 19 and 31
were obtained from the same subject at different time points.
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Fig. 2. Distribution of islatravir IC fold-change values according to the
number of thymidine analogue mutations (TAMs) and the presence of the
M184V mutation. Mean fold-change values and standard deviation for each
group are indicated below the graph.

of 0.95 (Fig. 3). Synergistic activity was identified only with sample 17,
which showed enhanced susceptibility to doravirine, although other
samples with increased susceptibility to doravirine showed variable ZIP
scores (range 0.62/-9.24) and were all associated with additive activity.
By contrast, antagonistic activity of doravirine and islatravir was
observed only with samples 38 and 39, both with high-level resistance to
doravirine and full susceptibility to islatravir. However, FC values > 100
to doravirine measured in 9 samples were mostly associated with ad-
ditive activity, suggesting that high-level resistance to doravirine does
not compromise the combinatorial effect with islatravir. Globally, fold-
change values of neither doravirine nor islatravir correlated with ZIP
scores (p = 0.203 and p = 0.812, respectively), indicating that the
combinatorial activity is not influenced by the susceptibility to either
individual drug.

The SynergyFinder Plus software also calculates the Combination

Fig. 3. Synergy landscape of the combination of doravirine and islatravir
against the wild-type NL4-3 virus, calculated using the Zero Interaction Potency
(ZIP) model through the SynergyFinder Plus software (https://synergyfinder.
org/).

Sensitivity Score (CSS), which indicates a quantitative measure of the
overall efficacy of a drug combination, providing a single metric that
summarizes the drug pair’s effectiveness and potency. When compared
to the wild-type NL4-3 virus, 22/39 (56 %) of the NRTI/NNRTI resistant
viruses showed higher CSS values, further supporting that the presence
of resistance mutations does not impair the combinatorial activity of
doravirine and islatravir (Fig. 4). By contrast, 17 viruses showed both
ZIP scores and CSS values lower than those observed for NL4-3 virus,
suggesting lower cooperation between doravirine and islatravir. The
presence of M184V/I, the number of TAMs, and the doravirine and
islatravir fold-changes did not correlate with the CSS value.

3.4. Evaluation of the combinatorial activity using the MuSyC software

According to the MuSyC β parameter, 25/40 (62.5 %) viruses,
including the wild-type NL4-3 virus, showed synergy. Globally, β value
showed strong positive correlation with both CSS and ZIP (rho = 0.568,
P < 0.001 and rho = 0.482, P = 0.002; respectively), although one
remarkable exception was virus 11, which showed the lowest β value but
had a ZIP score of 4.77, indicating additive activity. β values showed a
negative correlation with the fold-change values of doravirine but not
with those of islatravir (rho = 0.409, P = 0.009 and rho = 0.211, P =
0.191; respectively), suggesting that susceptibility to doravirine might
have a higher impact on the combinatorial activity compared with
susceptibility to islatravir. However, the number of NRTI mutations and
the presence of M184V/I were negatively correlated with β values (rho
=    0.328, P = 0.039, and rho =    0.377, P = 0.018; respectively),
suggesting that the accumulation of resistance to NRTI, irrespective of
the susceptibility to islatravir, may contribute to reduce the combina-
torial activity of doravirine and islatravir.

According to the α parameter, the highest islatravir dose was syn-
ergistic with doravirine IC in 24/37 (64.9 %) cases (not calculated for
samples 37, 38 and 39 where only 10 μM was tested), while doravirine
was synergistic with islatravir IC in 19/40 (47.5 %) cases. Confirmed
synergy and antagonism based on both α12 and α21 was observed in 16
(40 %) and 11 (27.5 %) cases, respectively, although the associated β
value was not consistent with this result in 9/27 (33 %) cases, probably
because the β value is calculated on the full set of drug combinations.
Regarding α12 and α21, we found that α21 negatively correlated with
the number of NRTI mutations (rho =    0.377, P = 0.016), while no
other correlations were found with other factors such as doravirine and
islatravir fold-changes, number of NRTI or TAMs and the presence of
M184V/I mutation.

4. Discussion

Our study suggests that doravirine and islatravir, both alone and in
combination, have the potential to inhibit viruses harboring extensive
NRTI and NNRTI resistance. These in vitro findings are in agreement
with a small clinical trial (35 participants) where the combination of
doravirine and islatravir plus optimized background was investigated in
a group of viremic heavily treatment-experienced individuals with
resistance to NRTI and NNRTI (NCT04233216, 2024). In this clinical
study, viral replication was suppressed in nearly 70 % of participants
with a slight increase of CD4+ T-cell count despite the use of 0.75 mg
dose of islatravir, later shown to be lymphocytotoxic. Further studies are
required to investigate if the newly investigated 0.25 mg dose of isla-
travir is able to achieve the same efficacy against viruses harboring
resistance mutations selected by licensed reverse transcriptase
inhibitors.

For doravirine, the data of the present study extend our previous
analysis of a smaller panel of NNRTI resistant viruses (Saladini et al.,
2023). However, the lack of established FC clinical cut-offs does not
allow to translate this data on expected in vivo activity nor identify cases
of partially retained activity which could still be beneficial in salvage
therapy. We also confirm other studies showing that M184V/I plus TAM
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Fig. 4. Scatter plot of ZIP synergy scores and combination sensitivity scores (CSS) of doravirine and islatravir activity as calculated by the SynergyFinder plus
software for the 40 viruses tested. Dotted lines intercepting X at 74.17 and Y at 0.95 refer to the CSS and ZIP scores calculated for the NL4-3 wild-type virus,
respectively, labelled as number 40. Lines intercepting Y at 10 and -10 identify the thresholds of ZIP synergy scores associated with synergy (Y > 10), additivity
( 10<Y < 10) and antagonism (Y <    10). Labels indicate the ID of the viruses as described in Table 1. According to both CSS and ZIP synergy scores, the
combinatorial activity of doravirine and islatravir is expected to be higher for viruses in the top right, lower in the bottom left area.

causes cross-resistance between islatravir and NRTI (Kawamoto et al.,
2008; Cilento et al., 2023; Diamond et al., 2022). Interestingly, sample
32 with the M184V mutation alone had fold-change value of 10.4,
higher than the values calculated for some viruses with M184V plus
other NRTI mutations. However, similarly high FC values were previ-
ously reported among recombinant viruses with M184V alone in a panel
showing a wide range of FC values (Aulicino et al., 2024). These findings
suggest that the broad levels of resistance to islatravir in presence of
M184V might be influenced not only by the addition of other NRTI
mutations, but also by the variability of the amino acids that may
modulate the interactions between islatravir and the active site of the
reverse transcriptase, although off-target effects cannot be excluded as
well. A notable exception is represented by sample 29, where hyper-
susceptibility to islatravir was detected in the presence of a complex
pattern of NRTI mutations including M184V. In this case, enhanced
susceptibility might be caused by the presence of Q151M, as previously
described (Grobler et al., 2018). Similarly to doravirine, the lack of
defined phenotypic FC clinical cut-offs for islatravir prevents dis-
tinguishing cases of full susceptibility from residual or no in vivo
activity.

To our knowledge, this is the first attempt to evaluate the combi-
natorial activity of a drug combination on different clinically derived
recombinant HIV-1 isolates harboring complex patterns of resistance
mutations, although using a limited panel of clinical samples. We
queried two user-friendly web tools, such as SynergyFinder Plus and
MuSyC, which showed a strong positive correlation in the distribution of
scores used to calculate the combinatorial activity for each virus,
although the thresholds used in the two tools provided different in-
terpretations in several cases. Indeed, while the MuSyC model infers
only synergy or antagonism, SynergyFinder Plus attributes also an in-
termediate level of cooperation defined as additivity. The correlation
among the two systems, particularly when using the ZIP model, can be
attributed to the common focus on the assessment of how a drug com-
bination deviates from what would be expected if the drugs were non-
interacting, based on dose-response curves (e.g., single drug effect)
(Yadav et al., 2015; Wooten et al., 2021). Irrespective of the levels of
interaction between drugs assigned by the two tools, we can extrapolate
some findings of biological meaning. As compared to the NL4-3 wild--
type virus, not all the mutational patterns including NRTI and NNRTI
mutations appeared to reduce the combinatorial activity of doravirine
and islatravir, although either or both drugs may show lower individual

activity. However, MuSyC suggested that high-level phenotypic resis-
tance to doravirine, higher numbers of NRTI mutations and the presence
of M184V/I decrease the cooperation between doravirine and islatravir.
Although the number of NRTI mutations and the presence of M184V/I
are known to impair susceptibility to islatravir, islatravir FC values did
not correlate with combinatorial activity. On the other hand, the accu-
mulation of resistance to NRTI appeared to affect the activity of dor-
avirine when combined with islatravir.

The two tools for predicting the efficacy of drug combinations
queried in this study have been mostly applicated in the field of cancer
research but recently extended to antiviral agents, mostly against SARS-
CoV-2 (Mast et al., 2021; Liu et al., 2021; Mirabelli et al., 2021; Cochin
et al., 2022; Perez-Vargas et al., 2023; Tang et al., 2024; Fiaschi et al.,
2024). However, it must be noted that the clinical utility of these pre-
dicting models has been poorly explored (Ling and Huang, 2020) and
alternative models have been proposed in recent years (Foucquier and
Guedj, 2015). Clearly, matching clinical outcomes with in vitro evidence
is necessary to clarify if such tools are adequate for a deeper investiga-
tion of drug combinations, particularly for antiviral agents.

In conclusion, our study indicates that doravirine and islatravir may
cooperate and play a valuable role in the treatment of multidrug resis-
tant HIV-1, even in presence of extensive drug resistance derived from
previous exposure to NRTI and NNRTI. By screening larger panels of
resistant viruses, further refinements of in vitro combinatorial analysis
systems together with the definition of the clinical cutoffs are awaited to
inform the best use of this drug combination.
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Abstract
In the last few years, severe acute respiratory syndrome coronavirus 2 (SARSͲCoVͲ2) has been

the cause of a worldwide pandemic, highlighting the need for novel antiviral agents. The main

protease (Mpro) of SARSͲCoVͲ2 was immediately identified as a crucial enzyme for viral

replication and has been validated as a drug target. Here, we present the design and synthesis

of peptidomimetic Mpro covalent inhibitors charac-terized by quinolineͲbased P3 moieties.

Structure–activity relationships (SARs) were also investigated at P1 and P2, as well as for

different warheads. The binding modes of the designed inhibitors were assessed using XͲray

crystallographic and molecular docking studies. The identified Mpro inhibitors were tested

for their antiviral activities in cellͲbased assays, and the results were encouraging. The SAR

studies presented here can contribute to the future design of improved inhibitors by

addressing some of

the current or prospective issues regarding Mpro inhibitors currently used in therapy.
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1 | INTRODUCTION                                                    been identified to date,[6,7] leading to the approval of new Mpro inhibitors in

China (simnotrelvir, 2)[8,9] and in Japan (ensitrelvir, 3),[10]

Coronaviruses are commonly known to cause pulmonary and gas-

trointestinal diseases in humans and animals such as the common cold or

bronchial pneumonia.[1] In the last few decades, three strains of

coronaviruses with animal ancestral origins have attracted atten-tion

worldwide for their pathogenicity and infectivity, causing global epidemics

and pandemics. In fact, in November 2019, a massive outbreak of severe

acute respiratory syndrome coronavirus 2 (SARSͲ CoVͲ2) has been

identified as the causative agent for coronavirus disease 2019 (COVIDͲ19)

pathology, highlighting once again the urgent need for effective

antiviral agents. SARSͲCoVͲ2 belongs to the betacoronavirus genus, as well

as SARSͲCoV and Middle East respiratory syndrome coronavirus

(MERSͲCoV), which gave rise to an outbreak of pneumonia and numerous

deaths. These strains possess a high degree of similarity with one

another in their genomic sequence and share the same ancestral lineage

from bats. The singleͲ stranded RNA genome sequence of SARSͲCoVͲ2

encodes for two partially overlapping polyproteins pp1a and pp1ab, which

are cleaved into 16 nonstructural proteins by two viral proteases:

papainͲlike protease (PLpro) and 3ͲchymotrypsinͲlike or main protease

(Mpro). Both enzymes were rapidly recognized as promising antiͲviral tar-

gets.[2] Mpro is a 33.8 kDa homodimeric cysteine protease that pro-cesses

the viral polyproteins, allowing the cleavage of most non-structural

proteins during viral replication. The cleavage specificity is unique, with a

specific amino acidic sequence LeuͲGlnͲSer in P2ͲP1Ͳ P1’, which is not

recognizable by mammalian proteases, rendering its inhibition less prompt

for offͲtarget effects.[2,3] In this context, the Mpro of SARSͲCoVͲ2 has

emerged as the preferential target in terms of conservation across

coronaviruses allowing the design and syn-thesis of effective antiviral

agents, as confirmed by the final approval of nirmatrelvir (NRM) (1, Figure

1) in combination with ritonavir for the treatment of mild to moderate

COVIDͲ19 in adult patients.[4,5] Currently, there is ample room for

optimization in the development of Mpro inhibitors, starting from the

need to expand the patient popu-lation eligible for therapy, to address

potential interference with other medications caused by the

coͲadministration of the metabolic booster ritonavir, or the need for

an expansion of the antiviral spectrum and to address the potential

emergence of therapyͲ

resistant viruses. A number of peptidomimetic Mpro inhibitors have

whereas other inhibitors are currently under preclinical or clinical

investigation. Among the inhibitors under investigation today, both

nonpeptideͲ and peptideͲbased Mpro inhibitors have been widely

studied. Among covalent inhibitors, an electrophilic warhead (WH) is

usually incorporated to covalently bind the catalytic cysteine at

position 145 (C145). Nitriles, aldehydes, haloͲmethyl ketones, and various

Michael acceptors are commonly used as reactive WHs.[11,12] These

functional groups are associated with glutamine bioisosteres such as the

pyrrolidinͲ2Ͳone, as shown in Figure 2 for the reference inhibitor GCͲ376

(4).[13] The pyrrolidinͲ2Ͳone moiety is crucial for maintaining protease

binding affinity at the S1 site. Various natural and nonͲnatural amino

acids interact with the subpocket S2, even though they are usually small

lipophilic groups. The S3/4  subpockets can accommodate several

functionalities.[14–17] In this study, we fo-cused on exploring S3/4  of the

active site. Generally, these pockets are shallower and therefore more

exposed to solvents than the S1 and S2 subpockets; hence, different groups

may be accommodated in this position. These groups may differ in size and

nature due to the loops of the surface that can rearrange upon ligand

binding. Examples of P3/4  moieties are exemplified for compounds 5–7

(Figure 2). To obtain differently decorated peptidomimetics and to

explore the ef-fects of heterocyclic rings as P3/4  residues, we decided to

investigate quinolineͲ and isoquinolineͲderived scaffolds. Quinolines and

quino-lones are privileged structures in medicinal chemistry and can also be

considered as bioisosteric replacements of the indole moieties or

rigidified analogs of pyridoneͲbased Mpro inhibitors exemplified by

(a)

(b)

F I G U R E 2    (a) Reference Mpro inhibitors 4–7. (b) Schematic
representation of P1–P3 positions explored in this article (the

F I G U R E 1    Clinically approved Mpro inhibitors (1–3). structures of compounds synthesized are reported in Table 1).
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5.[18–21]  We have synthesized a series of peptideͲbased inhibitors bearing

a nitrile group as an alternative to the more reactive aldehyde group as an

electrophilic WH, and various quinolines, isoquinolines,

NͲmethylquinolones, and tetrahydroisoquinoline, differently substi-

tuted and spatially oriented, were included at P3 in order to

investigate the structure–activity relationships (SARs) at the S3/S4 subsite.

A graphical representation of the P1’ and P1–3/4  moieties used for

exploring the SARs is shown in Figure 2b. A brief exploration of

substituents at the P1 and P2 positions of the peptidomimetic scaffold was

also performed in addition to different electrophilic WHs. All

synthesized compounds were tested in vitro against Mpro of SARSͲ CoVͲ2

to determine the ID50 values. A crystal structure of the Mpro with one of

the peptideͲbased compounds has been solved (PDB ID: 9GF7), allowing us

to confirm the binding mode, while docking studies were performed

in order to confirm the mechanism of interaction, binding modes, and

complement SAR studies. Assays using infected VERO E6 cells were used

to determine the antiviral

activity of selected inhibitors.

accomplished as described in Scheme 1. In the same scheme, the syn-thesis of

compounds 14a and 14b is also described, bearing free or benzylͲprotected

threonine side chains as R1, coupled to an 8ͲchloroͲ

1ͲmethylͲ4ͲoxoͲ1,4ͲdihydroͲ3ͲquinolylͲ substituent at R2. Starting from

building block 8, prepared as described previously in the literature, 22]

trifluoroacetic acid (TFA)Ͳmediated deprotection of the aminoͲgroup was

followed by a coupling reaction with BocͲLeuͲOH, BocͲThrͲOH, or FmocͲ

Thr(Bzl)ͲOH to afford intermediates 9a–c. For the coupling reaction,

1Ͳ[bis(dimethylamino)methylene]Ͳ1HͲ1,2,3Ͳtriazolo[4,5Ͳb]pyridinium 3Ͳo-xide

hexafluorophosphate (HATU) was used as a coupling agent in the presence of

triethylamine (TEA). In the next step of the synthetic pro-tocol, TFAͲmediated

deprotection of 9a, followed by a coupling reaction, under the same conditions

described before, with the appropriate car-boxylic acids afforded the ester

intermediates 10a–i. Compounds 10j,k were obtained through a similar

twoͲsteps protocol by the reaction of

8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ1,4ͲdihydroquinolineͲ3Ͳcarboxylic acid with 9b and

9c, respectively. The ester groups of 10a–k were subsequently converted

into the corresponding primary amides 11a–i and 12a,b by treatment with

ammonia solution (7N in MeOH). Finally, the nitrile de-rivatives 13a–i and

14a,b were obtained by the dehydration reaction of

the primary amides carried out with trifluoroacetic anhydride (TFAA) and

2 | R E S ULTS AND DIS CUS SION                             TEA at 0°C. Compound 13d was subjected to hydrolytic cleavage of the Boc moiety with a

methanolic solution of HCl, yielding the final com-

2.1 | Chemistry pound (R/S)Ͳ15, while intermediate 13i was converted into 16 by the
reduction of the nitro moiety with iron powder and NH4Cl. The extended

2.1.1 | P3Ͳ and P2Ͳmodified derivatives analog 20, bearing a Val at P3 and the capping 8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ

1,4ͲdihydroquinolinͲ3Ͳcarbonyl group at P4, was synthesized as reported

The synthesis of the target compounds 13a–i bearing different hetero-        in Scheme 2. Intermediate 9a was converted into 17 by an initial Boc cyclic R2

substituents coupled to a leucine residue as P2    was        cleavage and subsequent coupling reaction with BocͲValͲOH. A second

S C H E M E 1    Synthesis of compounds 13a–i,
14a,b, (R/S)Ͳ15, and 16. Reagents and
conditions: (i) TFA, DCM, 0°C, 1 h;
(ii) BocͲLeuͲOH, BocͲThrͲOH or FmocͲThr
(Bzl)ͲOH, HATU, TEA, DCM, 0°C, 4 h;
(iii) appropriate carboxylic acid, HATU, TEA,
DCM, 0°C, 4 h; (iv) Et2NH, DCM, rt, 1 h; (v)
ammonia solution (7 N in MeOH), MeOH, rt,
12 h; (vi) TFAA, TEA, DCM or DMF, 0°C, 3 h;
(vii) HCl in MeOH, 0°C, 1 h; and (viii) Fe
powder, NH4Cl, EtOH/H2O (5:1), 55°C,
30 min. DCM, dichloromethane; HATU, 1Ͳ[bis
(dimethylamino)methylene]Ͳ1HͲ1,2,3Ͳ
triazolo[4,5Ͳb]pyridinium 3Ͳoxide
hexafluorophosphate; TEA, triethylamine; TFA,
trifluoroacetic acid; TFAA, trifluoroacetic
anhydride.
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deprotection and coupling reaction with 8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ1,4Ͳ final compound 25c was also converted in the OͲacetal derivative (R/

dihydroquinolineͲ3Ͳcarboxylic acid yielded intermediate 18, which S)Ͳ26 upon treatment with 2,3Ͳdihydrofuran (DHF) in the presence of

allowed to obtain the primary amide 19 upon treatment with ammonia pͲtoluenesulfonic acid (PTSA).

solution (7 N in MeOH). Subsequent dehydration yielded the final com-

pound 20.

2.1.3 | WHͲmodified derivatives

2.1.2 | P1Ͳmodified derivatives                                        The synthesis of 30a,b and 34, bearing an aldehyde as WH and the cyanohydrine

derivative (R/S)Ͳ31, was performed as described in

The effect of modification of the P1 position with different hetero-        Scheme 4. For the synthesis of aldehydes 30a,b, the key common in-cyclic and

aliphatic moieties was investigated using the NͲ        termediates were the esters 10a (prepared as described previously) and

methylquinolinone moiety as the P3 residue and a leucine as the P2 residue.

The synthetic procedure to obtain the target compounds 25a–c and the

mixture of diasteroisomers (R/S)Ͳ26 is shown in Scheme 3. BocͲLeuͲOH

22 was reacted with the triazole derivative 21a, prepared as described

in the Supporting Information file (Scheme S1), with HͲHisͲOMe 21b or

with HͲThrͲOMe 21c to obtain

dipeptides 23a–c. TFAͲmediated Boc cleavage, followed by coupling

the analog 28 bearing an Ile moiety as a P2 residue. The latter was prepared,

starting from 8, through two consecutive deprotection and coupling

reactions to introduce the Ile amino acid (intermediate 27) and the 8Ͳquinoline

capping group. The ester intermediates 10a and 28 were reduced by means of

NaBH4 in MeOH, affording the corresponding al-cohols 29a,b, which were

oxidized using Dess Martin Periodinane (DMP)

at 0°C to obtain the final compounds 30a,b. The WH of 30b was then

of the resulting amine with 8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ1,4Ͳ converted into the corresponding cyanohydrin (R/S)Ͳ31. The synthesis of

dihydroquinolineͲ3Ͳcarboxylic acid, afforded intermediates 24a–c in good

overall yield. The conversion of esters 24a–c into the corre-sponding

primary amides was accomplished by treatment with ammonia

solution (7 N in MeOH), followed by the dehydration

reaction, which gave rise to the final nitrile derivatives 25a–c. The

aldehyde 34 involved a slightly different procedure. Accordingly, the ester

derivative 9a was reduced to 32; afterward, the latter compound was

subjected to amine deprotection and coupling reaction with the

8Ͳchloroquinolone carboxylic acid to yield the derivative 33, which was

finally oxidized with DMP to target compound 34.

S C H E M E 2    Synthesis of compound 20. Reagents and conditions: (i) TFA, DCM, 0°C, 1 h; (ii) BocͲValͲOH, HATU, TEA, DCM, 0°C, 4 h;
(iii) 8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ1,4ͲdihydroquinolineͲ3Ͳcarboxylic acid, HATU, TEA, DMF, 0°C, 6 h; (iv) ammonia solution (7 N in MeOH), MeOH, rt, 20 h; and (v) TFAA,
TEA, DMF, 0°C, 6 h. DCM, dichloromethane; HATU, 1Ͳ[bis(dimethylamino)methylene]Ͳ1HͲ1,2,3Ͳtriazolo[4,5Ͳb]pyridinium 3Ͳoxide hexafluorophosphate; TEA,
triethylamine; TFA, trifluoroacetic acid, TFAA, trifluoroacetic anhydride.

S C H E M E 3    Synthesis of compounds 25a–c and R,SͲ26. Reagents and conditions: (i) HATU, TEA, DCM, 0°C, 4 h; (ii) TFA, DCM, 0°C, 1 h;
(iii) 8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ1,4ͲdihydroquinolineͲ3Ͳcarboxylic acid, HATU, TEA, DCM, 0°C, 4 h; (iv) ammonia solution (7 N in MeOH), rt, 12 h; (v) TFAA, TEA, DCM, 0°C,
3 h; and (vi) PTSA, DHF, THF, rt, 2 h. DCM, dichloromethane; HATU, 1Ͳ[bis(dimethylamino)methylene]Ͳ1HͲ1,2,3Ͳtriazolo[4,5Ͳb] pyridinium 3Ͳoxide
hexafluorophosphate; PTSA, pͲtoluenesulfonic acid; TEA, triethylamine; TFA, trifluoroacetic acid; TFAA, trifluoroacetic anhydride.
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S C H E M E 4    Synthesis of compounds 30a,b, 31, and 34. Reagents and conditions: (i) TFA, DCM, 0°C, 2 h; (ii) BocͲIleͲOH, HATU, TEA, DCM, 0°C, 4 h; (iii)
8Ͳquinolinecarboxylic acid, HATU, TEA, DCM, 0°C, 4 h; (iv) NaBH4, MeOH, 0Ͳ25°C, 12 h; (v) DMP, DCM, 0°C, 1 h; (vi) NaHSO3 aq s.s., KCN; g) NaBH4, MeOH,
0–25°C, 12 h; and (vii) 8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ1,4ͲdihydroquinolineͲ3Ͳcarboxylic acid, HATU, TEA, DCM, 0°C, 4 h. DMP, Dess Martin Periodinane; DCM,
dichloromethane; HATU, 1Ͳ[bis(dimethylamino)methylene]Ͳ1HͲ1,2,3Ͳtriazolo[4,5Ͳb]pyridinium 3Ͳoxide hexafluorophosphate; TEA, triethylamine.

2.2 | Mpro inhibition and SARs investigation                  interesting activity, the 8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ3Ͳquinolyl moiety 13f was

used to further explore SARs. Investigation of the P2 position

The inhibitory ability of the synthesized compounds was evaluated in

vitro using recombinant Mpro by the fluorescence resonance en-ergy

transfer (FRET) assay. A number of compounds were able to inhibit the

Mpro in the micromolar or submicromolar range, as shown in Table 1.

Starting from the reference inhibitor 4 (Table 1), bearing a leucine at the

P2 position and the NͲpyrrolidinone heterocycle as the P1 substituent, we first

investigated the effect of variously substituted quinolyl and iso-quinolyl

moieties coupled to a nitrile group as a WH (13a–e, (R/S)Ͳ15 and 16). The choice

of the nitrile in place of the more electrophilic aldehyde moiety of 4 as WH is

due to its better drugͲlike properties. However, to facilitate a direct

comparison with reference inhibitor 4, the aldehyde derivative 30a was also

synthesized. While the latter showed an inhibi-tory potency comparable to

that of 4, the analog 13a bearing the nitrile

WH was less potent.

was accomplished through the synthesis of 14a,b bearing a free and

OͲbenzylͲprotected threonine moiety, respectively, but no improve-ment

in the inhibitory potency with respect to 13f was obtained. Also, the

brief investigation of alternative moieties at P1 (25a–c and 26) did not

yield any noteworthy activity. Finally, regarding the electrophilic WH,

three compounds were synthesized with an alde-hyde WH, namely, 30a,

which is an analog of nitrile 13a, 30b, which presents an isoleucine residue

instead of the leucine of 30a, and 34 as an analog of 13f. All compounds

showed submicromolar activities, confirming the reactivity of the

aldehyde group toward the cysteine catalytic residue (C145). A different

WH, namely, the cyanohydrine (R/S)Ͳ31, was prepared and showed an

enzymeͲinhibitory activity

against Mpro in the same range as the aldehyde analog 30b.

However, XͲray crystal studies coupled with molecular modeling 2.3 | XͲray crystallography study
(see the next paragraphs) revealed comparable binding modes for

both compounds. Isoquinoline derivatives 13b,c showed better

inhibitory activities than quinoline 13a, even though the latter

inhibitor displayed higher activity in the antiviral assay (vide infra), most

reasonably due to different cell penetration properties. The

corresponding tetrahydroisoquinolinͲ1Ͳyl derivatives (R/S)Ͳ13d and

(R/S)Ͳ15 were also prepared, showing moderate and low inhibitory

potency, respectively. Regarding the quinolineͲ3Ͳyl series of deriva-

tives bearing oxygenated substituents at C4, compound 13f showed

XͲray crystallography was used to solve the structure of compound 30a.

The structure, solved at 1.9 Å resolution, shows the formation of a covalent

adduct between the thiol of C145 and the aldehyde of compound 30a

(Figure 3a). Moreover, 30a forms HͲbond interactions with both the

carboxylic acid and backbone NH of Glu166, while the pyrrolidone NH

forms an H bond with a water molecule in turn in-teracting with Asn142.

As shown in Figure 3b, the binding pose of

30a matches that of compound 4 (GCͲ376) (PDB: 6WTT). However,

10 times higher potency than the 8ͲquinolylͲderivative 13a. The the bulkier but slightly shorter compound 30a causes a

amino group at C6 (16) did not improve the inhibitory potency. The

expansion of the inhibitor toward the S4 pocket through the syn-

thesis of tetrapeptide 20 was detrimental to the activity. Due to its

rearrangement of the βͲhairpin loop residues 166–172, the αͲhelix

residues 45–51, and the loop residues 186–193, which all move

closer to the bound molecule, framing it more tightly.
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T A B L E 1 Structure, enzymatic (IC50), and antiviral (EC50) activity, and selectivity indexes (SI) of inhibitors 13a–h, 14a,b, 15–16, 20, 25a–c, (R/S)Ͳ26,
30a–b, (R/S)Ͳ31, and 34, and reference inhibitors 1 and 4.

Cmpd Structure

13a

IC50 (μM)

6.57 ± 1.31

Ki (μM)

3.65 ± 0.71

EC50 (μM)

6.8 ± 1.5

SI (CC50/EC50 ratio)

44.1

13b

13c

(R/S)Ͳ13d

13e

13f

13g

13h

14a

14b

(R/S)Ͳ15

1.28 ± 0.20

3.38 ± 1.04

>10

6.0 ± 0.67

0.56 ± 0.07

13.85 ± 2.14

5.89 ± 1.21

>10

>10

>10

0.48 ± 0.07

1.42 ± 0.38

n.d.

2.23 ± 0.25

0.30 ± 0.04

7.5 ± 1.15

3.2 ± 0.65

n.d.

n.d.

n.d.

24.0 ± 6.5 12.5

16.2 ± 0.1 >200

n.t. Ͳ

n.a. Ͳ

1.6 ± 0.5 187.5

n.a. Ͳ

n.a. Ͳ

n.t. Ͳ

n.t. Ͳ

n.t. Ͳ
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T A B L E 1    (Continued)

Cmpd Structure

16

IC50 (μM) Ki (μM)

>10 n.d.

EC50 (μM)

n.t.

SI (CC50/EC50 ratio)

Ͳ

20

25a

25b

25c

(R/S)Ͳ26

30a

30b

(R/S)Ͳ31

34

GC376 (4)

NRM (1)

4.25 ± 0.28

>100

>10

>10

>10

0.43 ± 0.04

0.51 ± 0.01

1.81 ± 0.5

0.65 ± 0.04

0.14 ± 0.04

n.t.

1.58 ± 0.1

n.d.

n.d.

n.d.

n.d.

0.16 ± 0.01

0.27 ± 0.06

0.67 ± 0.18

0.24 ± 0.02

0.074 ± 0.22

0.0031[5]

n.a. Ͳ

n.t. Ͳ

n.t. Ͳ

n.t. Ͳ

n.t. Ͳ

8.0 ± 2.5 6.6

n.t. Ͳ

1.8 ± 0.1 91.6

n.t. Ͳ

0.16 ± 0.1

0.05 874.8

Abbreviations: IC50, halfͲmaximal inhibitory concentration; EC50, halfͲmaximal effective concentration; n.a., not active; n.d, not determined; n.t, not tested.
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with M165 and P168. At the S1′ site, compound 30a established

additional polar contacts with F140, G143, and S144.

In agreement with the different number of target residues, the

docking scores obtained, although comparable, were slightly different. In fact,

the score of 13a was found to be slightly higher than that of 30a (13a = –

9.128 kcal/mol; 30a = –9.694 kcal/mol). The in vitro results highlighted

that 31a was more potent than the derivative 13a, which maintained a

significant inhibitory potency against the enzyme. In addi-tion, the

replacement of leucine with isoleucine, as in 30b, was well tolerated, and no

significant differences in the binding mode with respect to 30a were observed.

Accordingly, 13a could be a good starting point for optimizing the structure to

develop a novel series of derivatives con-taining nitrile as a WH as Mpro

inhibitors. Subsequently, we investigated the role of nitrogen at different

positions of the quinoline moiety with respect to compound 13a. This resulted

in compounds 13b and 13c. As

F I G U R E 3    (a) XͲray coͲcrystal structure of Mpro in complex with
inhibitor 30a (yellow sticks) (PDB ID 9GF7). Enzyme residues interacting
with inhibitors are displayed as magenta sticks. Residues framing the
inhibitor are indicated. The residues involved in polar contacts with the
molecule 30a are indicated by dashed gray lines. The active site Cys145 is
indicated with an arrow. (b) Superposition of the crystal structure of Mpro

in complex with compound 30a (magenta cartoon, yellow sticks) and
reference inhibitor 4[13] (gray cartoon, cyan sticks). Regions of the protein
that move closer to the molecule are highlighted by black arrows. The
image was prepared
using PyMOL.

F I G U R E 4    Superposition of docked poses of 30a (green sticks) and 13a
(yellow sticks) within SARSͲCoVͲ2 Mpro (magenta cartoon; PDB ID 9GF7).
The key regions and residues involved in the binding site are highlighted
by lines. H bonds are represented by colored dotted lines, according to
the color of the related compound. The image was prepared using PyMOL
(The PyMOL Molecular Graphics System, v1.8; Schrödinger, LLC, 2015).
SARSͲCoVͲ2, severe acute
respiratory syndrome coronavirus 2.

2.4 | Molecular docking

The molecular docking calculation of 30a within the Mpro binding site,

before the formation of the covalent adduct with C145, allowed us to

understand how the electrophilic moiety of the compound was ori-ented

during the binding and to compare it to the nitrile WH present in 13a. As

shown in Figure 4, compound 13a was able to interact well with all the

subregions of the Mpro binding site. In particular, nitrile is

in a suitable position for nucleophilic attack from C145 to form a F I G U R E 5    Superposition of docked poses of 13a (yellow sticks),
tetrahedral intermediate. In fact, the distance between the sulfur of C145

and the electrophilic groups of both compounds is appropriate for a

possible covalent attack (SͲC145/carbon of aldehyde group 3.1 Å;

SͲC145/carbon of nitrile group 3.4 Å). Moreover, both com-pounds

similarly interacted at the S1 and S4 sites, targeting H163 and

E166 by H bonds, whereas they established hydrophobic interactions

13b (orange sticks), and 13c (cyan sticks) within SARSͲCoVͲ2 Mpro

(magenta cartoon; PDB ID 9GF7). The key regions and residues involved
in the binding site are highlighted by lines. H bonds are represented by
colored dotted lines, according to the color of the related compound.
The image was prepared using PyMOL (The PyMOL Molecular Graphics
System, v1.8; Schrödinger, LLC, 2015).
SARSͲCoVͲ2, severe acute respiratory syndrome coronavirus 2.
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illustrated in Figure 5, the binding mode was largely comparable, con-sidering

that residues F140, H163, and E166 were targeted by H bonds, whereas residues

M165 and P168 were targeted by hydrophobic inter-actions with compounds

13b and 13c. The nitrile group of the mentioned compounds was in a suitable

position for a possible nucleophilic attack from C145.

In fact, the distance between SͲC145 and the carbon of the nitrile group

was found to be 3.2 Å for compound 13b (orange sticks, Figure 5) and

3.5 Å for compound 13c (cyan stick, Figure 5). Inter-estingly, according to

the distance from SͲC145, derivative 13b was one of the most potent

inhibitors of the series. The docking scores were perfectly comparable

(13a = –9.096 kcal/mol; 13b = –9.117 kcal/ mol; 13c = –9.038 kcal/mol). The

next investigation aimed to identify a bioisosteric replacement of the

quinoline nucleus with a different substituted quinoline. The most potent

compound obtained from this step was compound 13f (Figure 5). The nitrile

group was maintained as the WH, substituting the moiety interacting with

the S4 subsite of the enzyme. Interestingly, the introduction of a slightly

more flexible and bulkier nucleus produces a proper arrangement that

allows the com-pound to appropriately interact within the binding site of

the enzyme. In fact, compound 13f was able to establish the same

contacts as described previously (H bonds with F140, H163, and E166

and hydrophobic interactions with M165 and P168). Moreover, the nitrile

group established a strong HͲbond network with G143, S144, and C145.

The distance between SͲC145 and the carbon of the nitrile group was

found to be 3.0 Å, indicating a suitable distance for nucle-ophilic attack. The

mentioned binding mode accounted for a docking score of –9.577 kcal/mol,

suggesting the significant capability of the compound to interact within

the selected binding site, as experimen-tally confirmed. Finally, because of

the interesting activity observed for compound (R/S)Ͳ31, we investigated

whether a different activity between the two diasteroisomers could be

predicted. As reported in Figure 6, the RͲ and SͲdiasteroisomers (Figure

7a,b, respectively)

showed the same pattern of interaction, being able to target residues

F I G U R E 7    Docked poses of (a) RͲdiasteroisomer (light blue sticks) and (b)
SͲdiasteroisomer (lemon sticks) of compound (R/S)Ͳ31 within the
SARSͲCoVͲ2 Mpro (magenta cartoon; PDB ID 9GF7). The key regions and
residues involved in the binding site are highlighted by lines. H bonds are
represented by colored dotted lines, according to the color of the related
compound. Images were prepared using PyMOL (The PyMOL Molecular
Graphics System, v1.8; Schrödinger, LLC, 2015). Mpro, main protease;
SARSͲCoVͲ2, severe acute respiratory syndrome coronavirus 2.

addition, the SͲenantiomer established an additional H bond with E166.

Moreover, the nitrile group of both derivatives was at a suitable distance for

covalent interaction with C145 (distance between SͲC145 and the carbon

of the nitrile group: RͲdiasteroisomer 2.6 Å, SͲ diasteroisomer 3.3 Å).

According to the similar binding mode and tar-

geting residues, the docking score was similar (RͲdiasteroisomer

F140, H163 (H bonds), M165, and P168 (hydrophobic interactions). In –8.914 kcal/mol, SͲdiasteroisomer –9.037 kcal/mol), thus neither

indicating stereoselective mode of interaction with the enzyme.

2.5 | Antiviral activity in VERO E6 cells against
SARSͲCoVͲ2

Inhibitors 13a–c, 13f–h, 20, 30a, and (R/S)Ͳ31 were then investigated in    a

cellͲbased    assay    using    a    live    delta    SARSͲCoVͲ2

F I G U R E 6    Docked poses of 13f (sand sticks) within the SARSͲ CoVͲ2
Mpro (magenta cartoon; PDB ID 9GF7). The key regions and residues
involved in the binding site are highlighted by lines. H bonds are
represented by colored dotted lines, according to the color of the related
compound. The image was prepared using PyMOL (The PyMOL Molecular
Graphics System, v1.8; Schrödinger, LLC, 2015).
SARSͲCoVͲ2, severe acute respiratory syndrome coronavirus 2.

(EPI_ISL_2840619) virus to determine their ability to halt virus rep-

lication. AntiͲSARSͲCoVͲ2 activity was evaluated using a direct yield

reduction assay in VERO E6 cells. Since this cell line overexpresses the efflux

PͲglycoprotein (PͲgp), VERO E6 were pretreated with CPͲ 100356

hydrochloride, which is a PͲgp inhibitor.

After incubation with the PͲgp inhibitor, cells were treated with

scalar nontoxic doses of each compound and subsequently chal-lenged

with the virus at MOI 0.001. The licensed Mpro inhibitor NRM (MCE® cat.

HYͲ104077) was used as the reference compound. The

inhibitory activity of each compound was determined by measuring
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the nucleocapsid expression by immunodetection and expressed as the

halfͲmaximal effective concentration (EC50). Among the nine compounds

tested, six of them (13a, 13b,c, 13f, 30a, and (R/S)Ͳ31) were active against

the delta SARSͲCoVͲ2 lineage in the micromolar range (Table 1). The low

micromolar activity observed by the enzy-matic assay for 13b and 30a

was not confirmed by the live virus

antiviral assay, with 18Ͳfold loss of activity (13b, EC50: 24.0 ± 6.5 µM;

1100 series LC/MSD spectrometer. Yields refer to purified products and

are not optimized. ESIͲHRMS spectra were acquired using a linear ion

trap Orbitrap hybrid mass spectrometer (LTQ Orbitrap XL) (Thermo Fisher

Scientific) operating in positive electrospray ioniza-tion mode. Data were

collected and analyzed using Xcalibur 2.2 software provided by the

manufacturer.

The InChI codes of the investigated compounds, together with

30a, EC50: 8.0 ± 2.5 µM). Instead, the antiviral activity of 13a (EC50: some biological activity data, are provided as the Supporting

6.8 ± 1.5 µM), 13f (EC50: 1.6 ± 0.5 µM), and (R/S)Ͳ31 (EC50: Information.

1.8 ± 0.1 µM) was comparable with respect to that observed by the

enzymatic assay. The selectivity index (SI), defined as the ratio

between the halfͲmaximal toxic concentration (CC50) and the halfͲ 4.1.2 | Synthesis of inhibitors 13a–h and 14a,b
maximal effective concentration (EC50) of each compound, was

above 10 for all compounds, except for 30a (SI 6.6). A high SI is

associated with a more potent and safer drug, able to eliminate the

General procedure for the BocͲdeprotection and coupling reaction

exemplified with compound methyl (S)Ͳ2Ͳ{(S)Ͳ2Ͳ[(tertͲbutoxycarbonyl)

target virus at concentrations much lower than its cytotoxic        amino]Ͳ4Ͳmethylpentanamido}Ͳ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propanoate

concentration.                                                                                              (9a): In a roundͲbottom flask, methyl (S)Ͳ2Ͳ[(tertͲbutoxycarbonyl)

amino]Ͳ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propanoate 8 (154 mg, 1 eq) was

solubilized in dry dichloromethane (DCM) (7 mL, 0.07 M) at 0°C, and 3 |
CONCLUSIONS then, TFA (1.64 mL, 40 eq) was slowly added. The reaction mixture was

stirred for 1 h, then the mixture was dried under N2 flux, and the crude

Here, we reported the synthesis and MproͲinhibitory activity of

nitrileͲbased peptidomimetic compounds bearing different quinoline

and isoquinoline systems at P2. SARs studies were complemented by

product (yellowish amorphous solid obtained in quantitative yield) was used

without any further purification for the next reaction. The coupling

reaction was carried out in a twoͲnecked ovenͲdried roundͲbottom flask

XͲray crystal structure determination and molecular modeling under a N2 atmosphere. BocͲLeuͲOH (118 mg, 1 eq) was solubilized in

investigations. The antiviral activity in a cellͲbased system of the

selected inhibitors was assessed, resulting in the identification of 13f and

(R/S)Ͳ31 showing antiͲSARSͲCoVͲ2 activity in the low micro-molar range

both in the enzymatic and in the live virus assay with good SI (187.5 and

91.7 for 13f and (R/S)Ͳ31, respectively). Although the EC50 and the SI values

of these compounds were weaker and less selective those of NRM (IC50:

0.05 μM; SI: 874.8), their simple

molecular scaffold allows further structureͲbased optimization, pro-

anhydrous DCM (2 mL, 0.15 M), the mixture was cooled at 0°C, and then HATU

(293 mg, 1.5 eq) and TEA (0.20 mL, 3 eq) were added. The mixture was stirred for

30 min and then a solution of the previously deprotected amine (100 mg,

1.05 eq) in DCM (1.5 mL, 0.15 M) and TEA (0.15 mL, 2 eq) were slowly added.

The reaction mixture was stirred a 0°C for 4 h. After completion of the

reaction, checked by TLC, a saturated aqueous solution of NH4Cl (4 mL) was

added to the reaction mixture, and the

resulting aqueous phase was extracted with DCM (3 × 3 mL). The organic

viding important information for future structureͲbased design

studies.

phases were combined, dried over anhydrous Na2SO4, filtered, and

concentrated under reduced pressure. The crude mixture was purified by SiO2

column chromatography eluting with (20:1, DCM/MeOH), to yield

a pale yellow oil (187 mg, 87% yield). Spectroscopic data are in agree-

4 | EXPE RIMENTAL S ECTION ment with those reported previously in the literature.[22]

Methyl (S)Ͳ2Ͳ{(2S,3S)Ͳ2Ͳ[(tertͲbutoxycarbonyl)amino]Ͳ3ͲhydroxyͲ 4.1
| Chemistry butanamido}Ͳ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propanoate (9b): Compound

9b was prepared following the general procedures for Boc cleavage

4.1.1 | General remarks and coupling reaction, using BocͲThrͲOH as the appropriate car-

boxylic acid. The mixture was purified by SiO2 column chromatog-

All the reagents used were commercially available and purchased from

Merck. Reaction progress was monitored by TLC using silica gel

60 F254 with detection by UV (254 nm). 1H NMR and 13C NMR

raphy (30:1, DCM/MeOH), yielding a colorless oil (43% yield). ESIͲMS m/z

388 [M+H]+, 410 [M+Na]+.

Methyl (S)Ͳ2Ͳ[(2S,3S)Ͳ2Ͳ({[(9HͲfluorenͲ9Ͳyl)methoxy]carbonyl}amino)Ͳ

spectra (see the Supporting Information) were recorded on a Varian 3Ͳ(benzyloxy)butanamido]Ͳ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propanoate (9c):

300 MHz spectrometer or a Bruker 400 MHz spectrometer using the

residual signal of the deuterated solvent as the internal standard.

Splitting patterns are described as singlet (s), doublet (d), triplet (t), and

quartet (q); the value of chemical shifts (δ) is given in ppm, and coupling

constants (J) are given in hertz (Hz). Electrospray ionization

mass spectrometry (ESIͲMS) spectra were performed using an Agilent

Compound 9c was prepared following general procedures for Boc cleavage

and coupling reaction, with FmocͲThr(Bzl)ͲOH as the appropri-ate carboxylic

acid. The mixture was purified by SiO2 column chroma-tography using (30:1,

DCM/MeOH), yielding a colorless oil (89% yield). ESIͲMS m/z 600 [M+H]+, 622

[M+Na]+. 1H NMR (300 MHz, CD3OD) δ

8.55 (m, 1H), 7.75 (d, J = 7.5 Hz, 2H), 7.71–7.54 (m, 2H), 7.43–7.14
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(m, 9H), 4.67–3.99 (m, 7H), 3.64 (s, 3H), 3.20–2.92 (m, 2H), 2.46–2.02 (m, Methyl (S)Ͳ2Ͳ[(S)Ͳ2Ͳ(8ͲchloroͲ4ͲhydroxyquinolineͲ3Ͳcarboxam

3H), 1.85–1.53 (m, 2H), 1.21 (m, 3H).

Methyl (S)Ͳ2Ͳ[(S)Ͳ4ͲmethylͲ2Ͳ(quinolineͲ8Ͳcarboxamido) pentan

ido)Ͳ4Ͳmethylpentanamido]Ͳ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propanoate

(10e): Compound 10e was synthesized according to the general

amido]Ͳ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propanoate    (10a):    Compound procedures for Boc cleavage and coupling reaction, using 8ͲchloroͲ

10a was prepared following the general procedures for Boc cleav-age and

coupling reaction, using quinolineͲ8Ͳcarboxylic acid as the appropriate

carboxylic acid. The mixture was purified by SiO2 col-umn

chromatography using (40:1, CHCl3/MeOH), yielding a color-less oil (36%

yield). ESIͲMS m/z 455 [M+H]+, 477 [M+Na]+. 1H NMR (300 MHz, CDCl3) δ

11.66 (m, 1H), 8.98–8.88 (m, 1H), 8.73 (m, 1H),

8.29–8.20 (m, 1H), 8.02 (d, J = 7.3 Hz, 1H), 7.97–7.88 (m, 1H), 7.62

4ͲhydroxyquinolineͲ3Ͳcarboxylic acid as the appropriate carboxylic acid.

The mixture was purified through SiO2 column chromatog-raphy (30:1,

DCM/MeOH), yielding a colorless oil (65% yield). 1H NMR (300 MHz,

CDCl3) δ 9.34 (m, 1H), 9.22 (m, 1H), 8.15–8.02 (m, 1H), 7.67–7.52 (m, 1H),

7.41 (d, J = 8.3 Hz, 1H), 4.75–4.46 (m, 2H), 3.66 (d, J = 4.2 Hz, 3H), 3.35–

3.16 (m, 2H), 2.47–2.02 (m, 4H),

2.00–1.58 (m, 5H), 0.96–0.87 (m, 6H).

(m, 1H), 7.47 (m, 1H), 6.89 (s, 1H), 5.01–4.70 (m, 1H), 4.52 (m, 1H), Methyl (S)Ͳ2Ͳ[(S)Ͳ2Ͳ(8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ1,4Ͳdihydroquino

4.19–4.03 (m, 1H), 3.67 (d, J = 5.5 Hz, 3H), 3.38–3.09 (m, 2H), 2.50–

2.16 (m, 2H), 1.98–1.47 (m, 4H), 1.32–1.17 (m, 1H), 1.05–0.89

(m, 6H).

lineͲ3Ͳcarboxamido)Ͳ4Ͳmethylpentanamido]Ͳ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ

3Ͳyl)propanoate (10f): Compound 10f was synthesized according to

the general procedures for Boc cleavage and coupling reaction,

Methyl    (S)Ͳ2Ͳ[(S)Ͳ2Ͳ(isoquinolineͲ8Ͳcarboxamido)Ͳ4ͲmethylͲpen using 8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ1,4ͲdihydroquinolineͲ3Ͳcarboxylic

tanamido]Ͳ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propanoate (10b): Compound 10b

was synthesized according to the general procedures for Boc cleavage and

coupling reaction, using isoquinolineͲ8Ͳcarboxylic acid as the appropriate

carboxylic acid. The compound was purified by SiO2 column

chromatography (30:1 DCM/MeOH), yielding a color-less oil (57% yield).

ESIͲMS m/z 455 [M+H]+, 477 [M+Na]+. 1H NMR (300 MHz, CDCl3) δ 9.76–

9.62 (m, 1H), 8.75 (d, J = 7.0 Hz, 1H), 8.50

(m, 1H), 8.42 (d, J = 6.6 Hz, 1H), 7.84 (d, J = 8.2 Hz, 1H), 7.73 (t,

acid as the appropriate carboxylic acid. The target molecule was

purified by SiO2 column chromatography (40:1, CHCl3/MeOH),

yielding a colorless oil (43% yield). ESIͲMS m/z 520 [M+H]+, 542 [M +Na]+.
1H NMR (300 MHz, CDCl3) δ 10.01 (m, 1H), 8.58–8.51 (m, 1H), 8.36–

8.19 (m, 1H), 7.92 (s, 1H), 7.82 (t, J = 8.6 Hz, 1H), 7.56 (m, 1H), 7.28–7.16 (m,

1H), 4.62 (m, 1H), 4.51 (m, 1H), 4.25 (s, 3H), 3.63 (s, 3H), 3.23 (m, 2H),

2.45–2.09 (m, 3H), 1.84–1.59 (m, 5H),

0.93–0.78 (m, 6H).

J = 5.6 Hz, 1H), 7.62 (dd, J = 10.1, 4.9 Hz, 1H), 7.13 (m, 1H), 6.94 (d, Methyl (S)Ͳ2Ͳ{(S)Ͳ2Ͳ[4ͲhydroxyͲ8Ͳ(trifluoromethoxy)quinolineͲ

J = 12.1 Hz, 1H), 4.95 (m, 1H), 4.63–4.37 (m, 1H), 3.72 (s, 3H), 3.37–

3.22 (m, 2H), 2.52–2.15 (m, 3H), 1.94–1.62 (m, 5H), 1.07–0.93

(m, 6H).

3Ͳcarboxamido]Ͳ4Ͳmethylpentanamido}Ͳ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)

propanoate (10g): Compound 10g was synthesized according to the

general procedures for Boc cleavage and coupling reaction, using

Methyl    (S)Ͳ2Ͳ[(S)Ͳ2Ͳ(isoquinolineͲ5Ͳcarboxamido)Ͳ4ͲmethylͲpen 4ͲhydroxyͲ8Ͳ(trifluoromethoxy)quinolineͲ3Ͳcarboxylic acid as the

tanamido]Ͳ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propanoate (10c): Compound 10c

was synthesized according to the general procedures for Boc cleavage and

coupling reaction, using isoquinolineͲ5Ͳcarboxylic acid as the appropriate

carboxylic acid. The compound was purified by SiO2 column

chromatography (30:1 DCM/MeOH), yielding a color-less oil (55% yield).

ESIͲMS m/z 455 [M+H]+, 477 [M+Na]+. 1H NMR (300 MHz, CD3OD) δ 9.27

(s, 1H), 8.48 (dd, J = 7.3, 3.1 Hz, 1H), 8.27–8.13 (m, 2H), 7.99 (dd, J = 7.2,

1.0 Hz, 1H), 7.72 (t, 1H), 4.80–4.57 (m, 2H), 3.74 (d, J = 4.7 Hz, 3H),

3.38–3.22 (m, 2H),

2.77–2.11 (m, 3H), 1.92–1.65 (m, 5H), 1.03 (dd, J = 6.4, 2.6 Hz, 6H).

appropriate carboxylic acid. The target molecule was purified by SiO2

column chromatography (40:1, CHCl3/MeOH), yielding a colorless oil (67%

yield). ESIͲMS m/z 555 [M+H]+, 577 [M+Na]+. 1H NMR (300 MHz,

CDCl3) δ 12.58 (s, 1H), 10.24 (s, 1H), 8.76 (m, 1H), 8.41–8.15 (m, 2H),

7.66 –7.41 (m, 2H), 4.76–4.52 (m, 2H), 3.72 (s, 3H), 3.55–3.07 (m, 3H),

2.70–2.25 (m, 3H), 2.09–1.63 (m, 4H), 1.10–0.78 (m, 6H).

Methyl (S)Ͳ2Ͳ{(S)Ͳ4ͲmethylͲ2Ͳ[1ͲmethylͲ4ͲoxoͲ8Ͳ(trifluorometho

xy)Ͳ1,4ͲdihydroquinolineͲ3Ͳcarboxamido]pentanamido}Ͳ3Ͳ((S)Ͳ2Ͳoxo

pyrrolidinͲ3Ͳyl)propanoate (10h): Compound 10h was synthesized

tertͲButyl (R/S)Ͳ7ͲbromoͲ1Ͳ[((S)Ͳ1Ͳ{[(S)Ͳ1ͲmethoxyͲ1ͲoxoͲ3Ͳ((S)Ͳ according to the general procedures for Boc cleavage and coupling

2ͲoxopyrrolidinͲ3Ͳyl)propanͲ2Ͳyl]amino}Ͳ4ͲmethylͲ1ͲoxopentanͲ2Ͳyl) reaction, using 1ͲmethylͲ4ͲoxoͲ8Ͳ(trifluoromethoxy)Ͳ1,4Ͳdihydroqui

carbamoyl]Ͳ3,4ͲdihydroisoquinolineͲ2(1H)Ͳcarboxylate (R/SͲ10d): nolineͲ3Ͳcarboxylic acid as the appropriate carboxylic acid. The target

Compound 10d was synthesized according to the general procedures for

Boc cleavage and coupling reaction, using 8ͲbromoͲ2Ͳ(tertͲ

butoxycarbonyl)Ͳ1,2,3,4ͲtetrahydroisoquinolineͲ1Ͳcarboxylic acid as the

appropriate carboxylic acid. The colorless crude product was purified by

SiO2 column chromatography with (30:1, DCM/MeOH), as an eluent

(71% yield). ESIͲMS m/z 638 [M+H]+. 1H NMR (300 MHz, CD3OD) δ

7.66 (m, 1H), 7.41–7.29 (m, 1H), 7.10 (t, J = 7.3 Hz, 1H), 5.35 (s, 1H),

4.64–4.33 (m, 3H), 4.04–3.84 (m, 1H), 3.69 (s, 3H), 3.60–3.42 (m, 1H),

3.23–3.10 (m, 1H), 3.01–2.88 (m,

2H), 2.55–2.02 (m, 3H), 1.90–1.56 (m, 5H), 1.49 (d, J = 2.0 Hz, 9H),

molecule was purified by SiO2 column chromatography (40:1, CHCl3/

MeOH), yielding a colorless oil (78% yield). ESIͲMS m/z 569 [M+H]+, 591

[M+Na]+. 1H NMR (300 MHz, DMSOͲd6) δ 10.00 (d, J = 7.7 Hz, 1H), 8.74 (s,

1H), 8.68 (d, J = 7.3 Hz, 1H), 8.39 (d, J = 8.1 Hz, 1H), 7.88 (d, J = 7.6 Hz, 1H),

7.66–7.53 (m, 2H), 4.73–4.58 (m, 1H), 4.38–4.26 (m, 1H), 4.12 (s, 3H), 3.61

(s, 3H), 3.19–2.99 (m, 4H), 2.3–1.97 (m, 4H), 1.72–1.44 (m, 4H), 0.96–0.84

(m, 6H).

Methyl (S)Ͳ2Ͳ[(S)Ͳ2Ͳ(4ͲhydroxyͲ6ͲnitroquinolineͲ3Ͳcarboxamido)Ͳ4Ͳm-

ethylpentanamido]Ͳ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propanoate (10i): Compo-

und 10i was synthesized according to the general procedures for Boc

0.92 (m, 6H). cleavage and coupling reaction, using 4ͲhydroxyͲ6ͲnitroquinolineͲ



 15214184, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ardp.202400812 by U

niversity O
f Siena Sist B

ibliot D
i A

teneo, W
iley O

nline Library on [29/09/2025]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

12 of 21 | ROSSI ET AL.

3Ͳcarboxylic acid as the appropriate carboxylic acid. The crude mixture was

purified by SiO2 column chromatography (30:1, DCM/MeOH), yielding a

bright yellow oil (61% yield). ESIͲMS m/z 516 [M+H]+, 538 [M +Na]+. 1H NMR

(300 MHz, CD3OD) δ 10.23 (m, 1H), 9.72 (d, J = 7.1 Hz, 1H), 9.00–8.56 (m, 3H),

8.42 (m, 1H), 7.78–7.65 (m, 1H), 4.69–4.42 (m, 2H), 3.73 (s, 3H), 3.26–3.02 (m,

2H), 2.70–2.09 (m, 2H), 1.94–1.67 (m,

5H), 1.02 (m, 6H).

NͲ((S)Ͳ1Ͳ{[(S)Ͳ1ͲAminoͲ1ͲoxoͲ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propanͲ

2Ͳyl]amino}Ͳ4ͲmethylͲ1ͲoxopentanͲ2Ͳyl)isoquinolineͲ5Ͳcarboxamide (11c):

For the synthesis of compound 11c, the general procedure for the primary

amide conversion was followed using 10c as the starting material. The

crude product, a white amorphous solid, was used for the following

reaction without any further purification (69% yield).

ESIͲMS m/z 440 [M+H]+, 462 [M+Na]+.

Methyl (S)Ͳ2Ͳ[(2S,3S)Ͳ2Ͳ(8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ1,4Ͳdihydro tertͲButyl (R/S)Ͳ1Ͳ[((S)Ͳ1Ͳ{[(S)Ͳ1ͲaminoͲ1ͲoxoͲ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ

quinolineͲ3Ͳcarboxamido]Ͳ3Ͳhydroxybutanamido)Ͳ3Ͳ((S)Ͳ2Ͳoxopyrroli

dinͲ3Ͳyl)propanoate (10j): Compound 10j was synthesized according to

the general procedures for Boc cleavage and coupling reaction, using

8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ1,4ͲdihydroquinolineͲ3Ͳcarboxylic acid as the

appropriate carboxylic acid. The crude mixture was purified by SiO2 column

chromatography (30:1, DCM/MeOH), yielding a colorless oil (70% yield).

ESIͲMS m/z 507 [M+H]+. 1H NMR (300 MHz, CD3OD) δ 8.55 (s, 1H), 8.28–

8.19 (m, 1H), 7.70 (m, 1H), 7.32 (m, 1H), 4.78–4.52 (m, 3H), 4.30 (s, 3H),

3.74 (s, 3H), 2.80–2.22 (m, 3H), 1.94–1.72 (m, 2H), 1.25 (d, J = 6.4 Hz, 3H).

Methyl (S)Ͳ2Ͳ[(2S,3S)Ͳ3Ͳ(benzyloxy)Ͳ2Ͳ(8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ1,4Ͳ

dihydroquinolineͲ3Ͳcarboxamido)butanamido]Ͳ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)

propanoate (10k): Compound 10k was synthesized starting from the Fmoc

cleavage of intermediate 9c. In a roundͲbottom flask, compound 9c (400 mg,

1 eq) was solubilized in dry DCM (1.1 mL, 0.6 M), and then diethylamine

(0.96 mL, 14 eq) was slowly added. The reaction mixture was stirred at 25°C

for 2 h, then the mixture was dried under N2 flux, and the crude product was

used without any further purification. The de-protected aminoͲintermediate

was then subjected to a coupling reaction, using

8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ1,4ͲdihydroquinolineͲ3Ͳcarboxylic acid as the

appropriate carboxylic acid. The mixture was purified by SiO2 column

chromatography (30:1, DCM/MeOH), affording the target molecule as a

colorless oil (83% yield). ESIͲMS m/z 597 [M+H]+, 619 [M+Na]+. 1H NMR

(300 MHz, CD3OD) δ 10.60 (d, J = 8.0 Hz, 1H), 8.63 (s, 1H), 8.40–8.26 (m, 1H), 7.82–

7.70 (m, 1H), 7.32 (m, 6H), 4.75–4.51 (m, 5H), 4.33 (s, 3H), 3.68 (d, J = 1.9 Hz, 3H),

3.11–2.91 (m, 1H), 2.56–2.10 (m, 4H), 1.87–1.62 (m, 3H), 1.28 (d, J = 4.6 Hz, 3H).

General procedure for the conversion of the ester intermediates into primary

amides exemplified for compound NͲ((S)Ͳ1Ͳ{[(S)Ͳ1ͲaminoͲ1ͲoxoͲ

3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propanͲ2Ͳyl]amino}Ͳ4ͲmethylͲ1ͲoxopentanͲ

3Ͳyl)propanͲ2Ͳyl]amino}Ͳ4ͲmethylͲ1ͲoxopentanͲ2Ͳyl)carbamoyl]Ͳ7ͲbromoͲ

3,4ͲdihydroisoquinolineͲ2(1H)Ͳcarboxylate (R/SͲ11d): For the syn-thesis

of compound 11d, the general procedure for the primary amide

conversion was followed using 10d as the starting material. The crude

product was used for the following reaction without any further

purification, yielding a white amorphous solid (83% yield). ESIͲMS m/z

622 [M+H]+, 644 [M+Na]+.

NͲ((S)Ͳ1Ͳ{[(S)Ͳ1ͲAminoͲ1ͲoxoͲ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propanͲ2Ͳyl]

amino}Ͳ4ͲmethylͲ1ͲoxopentanͲ2Ͳyl)Ͳ8ͲchloroͲ4ͲhydroxyquinolineͲ

3Ͳcarboxamide (11e): For the synthesis of compound 11e, the general

procedure for the primary amide conversion was followed using 10e as

the starting material. The crude product was used for the following

reaction without any further purification, yielding a white amorphous

solid (68% yield). ESIͲMS m/z 490 [M+H]+.

NͲ((S)Ͳ1Ͳ{[(S)Ͳ1ͲAminoͲ1ͲoxoͲ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propanͲ

2Ͳyl]amino}Ͳ4ͲmethylͲ1ͲoxopentanͲ2Ͳyl)Ͳ8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ

1,4ͲdihydroquinolineͲ3Ͳcarboxamide (11f): For the synthesis of com-

pound 11f, the general procedure for the primary amide conversion was

followed using 10f as the starting material. The crude product, a white

amorphous solid (79% yield), was used for the following reaction

without any further purification. ESIͲMS m/z 504 [M+H]+.

NͲ((S)Ͳ1Ͳ{[(S)Ͳ1ͲAminoͲ1ͲoxoͲ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propanͲ

2Ͳyl]amino}Ͳ4ͲmethylͲ1ͲoxopentanͲ2Ͳyl)Ͳ4ͲhydroxyͲ8Ͳ(trifluoromethoxy)

quinolineͲ3Ͳcarboxamide (11g): For the synthesis of compound 11g, the general

procedure for the primary amide conversion was followed using 10g as the

starting material. The crude product, a white amorphous solid (66% yield), was

used for the following reaction without any further purification. ESIͲMS

m/z 540 [M+H]+.

NͲ((S)Ͳ1Ͳ{[(S)Ͳ1ͲAminoͲ1ͲoxoͲ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propanͲ

2Ͳyl]amino}Ͳ4ͲmethylͲ1ͲoxopentanͲ2Ͳyl)Ͳ1ͲmethylͲ4ͲoxoͲ8Ͳ(trifluor-

2Ͳyl)quinolineͲ8Ͳcarboxamide (11a): In an ovenͲdried roundͲbottom flask, omethoxy)Ͳ1,4ͲdihydroquinolineͲ3Ͳcarboxamide    (11h):    For    the

the ester intermediate 10a (25 mg, 0.051 mmol) was solubilized in the

smallest quantity of MeOH (0.2 mL), then NH3 7 N in MeOH (0.86 mL) was

slowly added to the reaction, and the flask was closed with a rubber stopper.

The reaction mixture was stirred at 20°C for 12 h. Then, the solvent was

evaporated and the crude product, a white amorphous solid, was used without

any further purification (76% yield). ESIͲMS m/z 440 [M +H]+, 462 [M+Na]+.

NͲ((S)Ͳ1Ͳ{[(S)Ͳ1ͲAminoͲ1ͲoxoͲ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propanͲ

2Ͳyl]amino}Ͳ4ͲmethylͲ1ͲoxopentanͲ2Ͳyl)isoquinolineͲ8Ͳcarboxamide (11b):

For the synthesis of compound 11b, the general procedure for the primary

amide conversion was followed using 10b as the starting material. The

crude product, a white amorphous solid, was used for the following

reaction without any further purification (72% yield).

ESIͲMS m/z 440 [M+H]+, 462 [M+Na]+.

synthesis of compound 11h, the general procedure for the primary amide

conversion was followed using 10h as the starting material. The crude

product, a white amorphous solid (76% yield), was used for the following

reaction without any further purification. ESIͲMS m/z 553 [M+H]+.

NͲ((S)Ͳ1Ͳ{[(S)Ͳ1ͲAminoͲ1ͲoxoͲ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propanͲ

2Ͳyl]amino}Ͳ4ͲmethylͲ1ͲoxopentanͲ2Ͳyl)Ͳ4ͲhydroxyͲ6Ͳnitroquinoline

Ͳ3Ͳcarboxamide (11i): For the synthesis of compound 11i, the general

procedure for the primary amide conversion was followed using 10i as

the starting material. The crude product, a bright yellow amor-phous

solid, was used for the following reaction without any further

purification (64% yield). ESIͲMS m/z 501 [M+H]+, 523 [M+Na]+.

NͲ((2S,3S)Ͳ1Ͳ{[(S)Ͳ1ͲAminoͲ1ͲoxoͲ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propanͲ

2Ͳyl)amino}Ͳ3ͲhydroxyͲ1ͲoxobutanͲ2Ͳyl)Ͳ8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ
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1,4ͲdihydroquinolineͲ3Ͳcarboxamide (12a): For the synthesis of

compound 12a, the general procedure for the primary amide con-

version was followed using 10j as the starting material. The crude

product, a white amorphous solid, was used for the following

reaction without any further purification (84% yield). ESIͲMS m/z 492

[M+H]+, 515 [M+Na]+.

NͲ((2S,3S)Ͳ1Ͳ{[(S)Ͳ1ͲAminoͲ1ͲoxoͲ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propanͲ

2Ͳyl]amino}Ͳ3Ͳ(benzyloxy)Ͳ1ͲoxobutanͲ2Ͳyl)Ͳ8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ1,

4ͲdihydroquinolineͲ3Ͳcarboxamide (12b): For the synthesis of com-pound

12b, the general procedure for the primary amide conversion was followed

using 10k as the starting material. The crude product, a white amorphous

solid, was used for the following reaction without any further purification

(83% yield). ESIͲMS m/z 583 [M+H]+, 605 [M+Na]+.

General procedure for the primary amide conversion in the nitrile

HRMS m/z [M+H]+ calcd for [C23H28N5O3]+ 422.2187, found 422.2176; m/z

[M+Na]+ calcd for [C23H27N5O3Na]+444.2006, found 444.1995.

NͲ((S)Ͳ1Ͳ{[(R)Ͳ1ͲCyanoͲ2Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)ethyl]amino}Ͳ

4ͲmethylͲ1ͲoxopentanͲ2Ͳyl)isoquinolineͲ5Ͳcarboxamide (13c): The

conversion of the primary amide 11c into the corresponding nitrile

derivative 13c was carried out following the general procedure for the

nitrile WH formation. The crude mixture was purified using SiO2 column

chromatography (20:1, DCM/MeOH), yielding a colorless oil (37% yield).

ESIͲMS m/z 422 [M+H]+, 444 [M+Na]+. 1H NMR (300 MHz, CD3OD)

δ 9.30 (s, 1H), 8.50 (s, 1H), 8.21 (m, 1H), 8.02 (dd, J = 9.6, 4.8 Hz, 1H), 7.75

(t, J = 7.6 Hz, 1H), 5.13 (dd, J = 10.3, 5.5 Hz, 1H), 4.60 (dd, J = 9.2, 5.5 Hz,

1H), 3.80–3.58 (m, 2H), 2.74–2.19 (m, 3H), 2.05–1.53 (m, 5H), 1.07–0.87

(m, 6H).13C NMR

(75 MHz, CD3OD) δ 179.6, 173.4, 169.5, 142.3, 133.2, 132.5,

moiety    exemplified    with    compound    NͲ((S)Ͳ1Ͳ{[(S)Ͳ1ͲcyanoͲ2Ͳ((S)Ͳ 131.8, 130.3, 130.2, 128.7, 126.7, 126.7, 118.4, 52.7, 40.0, 39.9,

2ͲoxopyrrolidinͲ3Ͳyl)ethyl]amino}Ͳ4ͲmethylͲ1ͲoxopentanͲ2Ͳyl)quinolineͲ

8Ͳcarboxamide (13a): In an ovenͲdried roundͲbottom flask under a N2

atmosphere, the amide intermediate 11a (35 mg, 1 eq) was solubilized in

anhydrous DCM (2 mL, 0.04 M) and the reaction mixture was cooled at 0°C,

and then anhydrous TEA (22 μL, 2 eq) was slowly added, followed by TFAA (33

μL, 3 eq). The reaction mixture was stirred at 0°C for 2 h,

then brine solution (2 mL) was added to the mixture, and the reaction

37.7, 31.6, 27.2, 24.8, 22.3, 21.9, 20.6. ESIͲHRMS m/z [M+H]+ calcd for

[C23H28N5O3]+ 422.2187, found 422.2181; m/z [M+Na]+ calcd for

[C23H27N5O3Na]+ 444.2006, found 444.1999.

tertͲButyl (R/S)Ͳ7ͲbromoͲ1Ͳ[((S)Ͳ1Ͳ{[(S)Ͳ1ͲcyanoͲ2Ͳ((S)Ͳ2Ͳoxopyrr-

olidinͲ3Ͳyl)ethyl]amino}Ͳ4ͲmethylͲ1ͲoxopentanͲ2Ͳyl)carbamoyl]Ͳ3,4Ͳ

dihydroisoquinolineͲ2(1H)Ͳcarboxylate (R/SͲ13d): The conversion of

the primary amide 11d into the corresponding nitrile derivative 13d

mixture was allowed to reach room temperature and extracted was carried out following the general procedure for the nitrile WH

with DCM (3 × 2 mL). The collected organic phases were combined, dried over

anhydrous Na2SO4, filtered, and concentrated under reduced pressure to

obtain the crude mixture. The crude mixture was purified by SiO2 column

chromatography (20:1, CHCl3/MeOH), yielding a colorless amorphous solid.

Elution solvent DCM/MeOH (20:1), 7 mg (21% yield). ESIͲMS m/z 422 [M+H]+,

444 [M+Na]+. 1H NMR (300 MHz, CDCl3) δ 11.75 (d, J = 7.6 Hz, 1H), 8.97 (dd,

J = 4.2, 1.6 Hz, 1H), 8.76 (d, J = 7.4 Hz, 1H), 8.41 (d, J = 7.1 Hz, 1H), 8.29 (dd,

J = 8.3, 1.5 Hz, 1H), 7.97 (d, J = 8.1 Hz, 1H), 7.66 (t, J = 7.7 Hz, 1H), 7.51 (dd,

J = 8.3, 4.3 Hz, 1H), 6.45 (s, 1H), 4.98–4.81 (m, 2H), 3.38–3.15 (m, 2H), 2.53–

2.26 (m, 3H), 1.99–1.64 (m, 5H), 1.00 (dd, J = 8.2, 6.3 Hz, 6H). 13C NMR

(75 MHz, CDCl3) δ 178.6, 172.9, 166.3, 149.6, 145.5, 137.8, 133.8, 132.4, 128.5,

127.9, 126.4, 121.1, 118.5, 52.3, 40.8, 40.3, 39.1, 37.7, 33.9, 29.7, 28.1,

25.1, 23.1, 22.1. ESIͲHRMS m/z [M+H]+ calcd for [C23H28N5O3]+

formation. The crude mixture was purified by SiO2 column chro-

matography (20:1, DCM/MeOH), yielding a colorless oil (26% yield). ESIͲMS

m/z 604 [M+H]+, 626 [M+Na]+. 1H NMR (300 MHz, CD3OD) δ 7.65 (m, 1H),

7.37 (t, J = 8.9 Hz, 1H), 7.11 (dd, J = 12.5, 8.9 Hz, 1H), 5.39– 5.25 (m, 1H),

5.11–4.93 (m, 1H), 4.48–4.28 (m, 2H), 3.72 (m, 2H), 3.08–2.86 (m, 2H),

2.62–2.18 (m, 4H), 2.10–1.96 (m, 1H), 1.87–1.62 (m, 5H), 1.49 (s, 9H), 1.01–

0.83 (m, 6H). 13C NMR (75 MHz, CD3OD) δ 179.5, 172.9, 172.7, 171.9,

135.1, 134.2, 130.3, 130.2, 129.9, 129.9, 119.4, 118.3, 115.4, 51.9, 51.4,

40.2, 39.9, 37.4, 33.6, 29.3, 27.4, 27.2, 27.2, 26.9, 24.7, 24.4, 22.3. ESIͲHRMS

m/z [M+H]+ calcd for [C28H39BrN5O5]+ 604.2129, found 604.2116; m/z

[M+Na]+ calcd for [C28H38BrN5O5Na]+ 626.1949, found 626.1928.

8ͲChloroͲNͲ((S)Ͳ1Ͳ{[(S)Ͳ1ͲcyanoͲ2Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)ethyl]

amino}Ͳ4ͲmethylͲ1ͲoxopentanͲ2Ͳyl)Ͳ4ͲhydroxyquinolineͲ3Ͳcarboxa-

422.2187, found 422.2194; m/z [M+Na]+ calcd for [C23H27N5O3Na]+ mide (13e): The conversion of the primary amide 11e into

444.2006, found 444.2008; m/z [M+K]+ calcd for [C23H27N5O3K]+

460.1745, found 460.1746.

NͲ((S)Ͳ1Ͳ{[(R)Ͳ1ͲCyanoͲ2Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)ethyl]amino}Ͳ

4ͲmethylͲ1ͲoxopentanͲ2Ͳyl)isoquinolineͲ8Ͳcarboxamide (13b): The

conversion of the primary amide 11b into the corresponding nitrile

derivative 13b was carried out following the general procedure for the

nitrile WH formation. The crude mixture was purified using SiO2 column

chromatography (20:1, DCM/MeOH), yielding a colorless oil (23% yield).

ESIͲMS m/z 422 [M+H]+, 444 [M+Na]+. 1H NMR

(300 MHz, CD3OD) δ 9.59 (s, 1H), 8.49 (d, J = 5.7 Hz, 1H), 8.07 (d,

the corresponding nitrile derivative 13e was carried out following the

general procedure for the nitrile WH formation. The target mole-cule was

purified by SiO2 column chromatography (20:1, DCM/MeOH), yielding a

colorless oil (11% yield). ESIͲMS m/z 473 [M+H]+, 495 [M +Na]+. 1H NMR

(300 MHz, CD3OD) δ 8.77 (s, 1H), 8.34 (d, J = 8.1 Hz, 1H), 7.89 (d, J = 7.8 Hz,

1H), 7.48 (t, J = 8.0 Hz, 1H), 5.01 (dd, J = 9.4, 4.3 Hz, 1H), 4.65–4.48 (m, 1H),

3.70–3.47 (m, 2H), 2.79–2.11 (m, 3H), 2.00–1.69 (m, 5H), 1.00 (dd, J = 12.4,

6.3 Hz, 6H). 13C NMR (75 MHz, CD3OD) δ 179.5, 173.6, 165.4, 144.1, 132.7,

125.2, 124.7, 111.1, 52.0,

40.9, 40.0, 39.4, 38.4, 37.7, 33.7, 33.2, 29.4, 29.3, 27.5, 27.2, 24.8,

J = 8.2 Hz, 1H), 7.95–7.76 (m, 3H), 5.09 (dd, J = 13.9, 7.1 Hz, 1H), 22.0, 20.6. ESIͲHRMS m/z [M+H]+    calcd for [C23H27ClN5O4]+ 4.76–

4.63 (m, 1H), 3.19–2.86 (m, 2H), 2.78–2.20 (m, 3H), 472.1746, found 472.1754.

2.07–1.48 (m, 5H), 1.12–0.98 (m, 6H). 13C NMR (75 MHz, CD3OD) δ

179.7, 173.4, 169.3, 149.6, 136.4, 134.3, 130.2, 128.9, 127.2,

121.4, 119.7, 52.8, 40.0, 39.9, 38.4, 37.7, 33.8, 24.8, 21.9. ESIͲ

8ͲChloroͲNͲ((S)Ͳ1Ͳ{[(S)Ͳ1ͲcyanoͲ2Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)ethyl]

amino}Ͳ4ͲmethylͲ1ͲoxopentanͲ2Ͳyl)Ͳ1ͲmethylͲ4ͲoxoͲ1,4Ͳdihydroq-

uinolineͲ3Ͳcarboxamide (13f): The conversion of the primary amide
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11f into the corresponding nitrile derivative 13f was carried out molecule    was    purified    by    SiO2      column    chromatography following

the general procedure for the nitrile WH formation. (20:1, DCM/MeOH), yielding a bright yellow oil (43% yield). ESIͲMS The

mixture was purified by SiO2    column chromatography m/z 483 [M+H]+, 505 [M+Na]+. 1H NMR (300 MHz, CD3OD) δ

(20:1, DCM/MeOH), yielding a colorless oil (21% yield). ESIͲMS m/z 487

[M+H]+, 509 [M+Na]+. 1H NMR (300 MHz, CDCl3) δ 10.14 (d, J = 7.1 Hz,

1H), 8.64 (s, 1H), 8.45 (d, J = 8.0 Hz, 1H), 7.74 (d, J = 7.6 Hz, 1H), 7.37 (t,

J = 7.8 Hz, 1H), 6.57 (s, 1H), 5.55 (s, 1H), 4.68–4.54 (m, 1H), 4.35 (s, 3H),

3.83–3.23 (m, 2H), 2.88–2.28 (m, 2H), 1.99–1.56 (m, 6H), 0.95 (m, 6H).13C

NMR (75 MHz, CD3OD) δ 179.5, 175.7, 173.3, 164.9, 152.3, 152.3,

137.7, 136.7, 130.5, 125.9, 125.6, 122.5, 118.4, 110.5, 109.9, 40.9,

40.0, 38.4, 37.7, 33.8, 27.2, 24.8, 22.0, 20.7. ESIͲHRMS m/z [M+Na]+

calcd for [C24H28ClN5O4Na]+ 508.1722, found 508.1726.

NͲ((S)Ͳ1Ͳ{[(S)Ͳ1ͲCyanoͲ2Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)ethyl]amino}Ͳ

4ͲmethylͲ1ͲoxopentanͲ2Ͳyl)Ͳ4ͲhydroxyͲ8Ͳ(trifluoromethoxy)quinol-

ineͲ3Ͳcarboxamide (13g): The conversion of the primary amide 11g into

the corresponding nitrile derivative 13g was carried out fol-lowing

the general procedure for the nitrile WH formation. The target

molecule was purified by SiO2 column chromatography (20:1,

DCM/MeOH), yielding a colorless oil (33% yield). ESIͲMS m/z 522 [M+H]+,

544 [M+Na]+. 1H NMR (300 MHz, CD3OD) δ 8.72 (s, 1H), 8.33 (d, J

= 4.9 Hz, 1H), 7.79 (d, J = 7.8 Hz, 1H), 7.54 (t, J = 8.1 Hz, 1H), 5.17–

4.88 (m, 1H), 4.65–4.45 (m, 1H), 2.72–2.19 (m, 4H), 2.01–1.61 (m, 6H),

1.01 (dd, J = 12.7, 5.0 Hz, 6H). 13C NMR (75 MHz, CD3OD) δ 192.1,

179.5, 179.3, 176.5, 176.4, 173.5, 173.2, 143.9, 138.6, 132.3, 128.2,

124.6, 124.4, 123.7, 111.3, 40.9, 40.1, 40.0, 39.4, 38.2, 37.7, 33.2, 27.5,

24.8, 22.0, 20.6. ESIͲHRMS

m/z [M+H]+ calcd for [C24H27F3N5O5]+ 522.1929, found 522.1962;

10.34 (s, 1H), 8.77 (d, J = 3.9 Hz, 1H), 8.53 (m, 1H), 7.78 (dd, J = 9.1, 1.6 Hz,

1H), 5.14–4.97 (m, 1H), 4.68–4.50 (m, 1H), 3.59 (m, 2H), 2.71–2.18 (m,

3H), 1.85 (m, 5H), 1.02 (m, 6H). 13C NMR (75 MHz, CD3OD) δ 179.5, 179.3,

176.6, 173.3, 145.1, 144.6, 142.8, 126.6, 125.9, 125.9, 121.9, 120.4,

111.8, 40.8, 40.1, 37.7, 33.2, 27.5, 27.2, 24.8, 22.1, 20.7, 20.6.

ESIͲHRMS m/z [M+H]+ calcd for [C23H27N6O6]+ 483.1987, found

483.1986; m/z [M+Na]+ calcd for [C23H26N6O6Na]+ 505.1806, found

505.1785.

8ͲChloroͲNͲ((2S,3 R)Ͳ1Ͳ{[(S)Ͳ1ͲcyanoͲ2Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)

ethyl]amino}Ͳ3ͲhydroxyͲ1ͲoxobutanͲ2Ͳyl)Ͳ1ͲmethylͲ4ͲoxoͲ1,4,4a,8aͲ

tetrahydroquinolineͲ3Ͳcarboxamide (14a): The conversion of the

primary amide 12a into the corresponding nitrile derivative 14a was

carried out following the general procedure for the nitrile WH for-

mation. The crude mixture was purified through SiO2 column chro-

matography (30:1, DCM/MeOH), yielding a colorless oil (27% yield).

ESIͲMS m/z 474 [M+H]+, 496 [M+Na]+. 1H NMR (300 MHz, CD3OD) δ 10.57

(d, J = 7.3 Hz, 1H), 8.68 (s, 1H), 8.41 (dd, J = 8.1, 1.5 Hz, 1H), 7.88–7.79 (m,

1H), 7.54–7.31 (m, 1H), 5.11 (dd, J = 10.1, 6.0 Hz, 1H), 4.47 (dd, J = 7.3,

3.7 Hz, 1H), 4.38 (s, 3H), 4.34 (dd, J = 6.4, 3.6 Hz, 1H), 3.20 (dd, J = 14.8,

7.5 Hz, 1H), 2.68–2.22 (m, 4H), 2.01–1.65 (m, 2H), 1.25 (d, J = 6.4 Hz, 3H).
13C NMR (75 MHz, CD3OD) δ 179.6, 171.6, 165.6, 152.4, 137.7, 136.6,

130.5, 125.9, 125.9, 125.5, 122.5, 118.4, 110.7, 66.8, 64.6, 59.2, 53.4, 40.0,

37.6, 33.8, 27.2, 19.1. ESIͲ HRMS m/z [M+H]+ calcd for

[C22H25ClN5O5]+ 474.1539, found

474.1527; m/z [M+Na]+    calcd for [C22H24ClN5O5Na]+496.1358,
m/z [M+Na]+    calcd for [C24H26F3N5O5Na]+    544.1778, found found 496.1341.

544.1778; m/z [M+K]+ calcd for [C24H26F3N5O5K]+ 560.1518, found

560.1519.

NͲ((S)Ͳ1Ͳ{[(S)Ͳ1ͲCyanoͲ2Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)ethyl]amino}Ͳ

4ͲmethylͲ1ͲoxopentanͲ2Ͳyl)Ͳ1ͲmethylͲ4ͲoxoͲ8Ͳ(trifluoromethoxy)Ͳ

1,4ͲdihydroquinolineͲ3Ͳcarboxamide (13h): The conversion of the

(2 R,3S)Ͳ3Ͳ(8ͲChloroͲ1ͲmethylͲ4ͲoxoͲ1,4,4a,8aͲtetrahydroquinolineͲ

3Ͳcarboxamido)Ͳ4Ͳ{[(S)Ͳ1ͲcyanoͲ2Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)ethyl]amino}Ͳ

4ͲoxobutanͲ2Ͳyl benzoate (14b): The conversion of the primary amide 12b

into the corresponding nitrile derivative 14b was carried out fol-

lowing the general procedure for the nitrile WH formation. The crude

primary amide 11h into the corresponding nitrile derivative 13h mixture    was    purified    through    SiO2      column    chromatography

was carried out following the general procedure for the nitrile WH

formation. The target molecule was purified by SiO2 column

chromatography (20:1, DCM/MeOH), yielding a pale yellow oil (24%

yield). ESIͲMS m/z 536 [M+H]+, 558 [M+Na]+. 1H NMR (300 MHz,

CD3OD) δ 8.75–8.68 (m, 1H), 8.55–8.44 (m, 1H), 7.83 (d, J = 8.0 Hz, 1H), 7.58

(dd, J = 11.7, 4.4 Hz, 1H), 5.08–4.88 (m, 1H), 4.72–4.42 (m, 1H), 4.20 (s,

3H), 2.68–2.17 (m, 4H), 1.99–1.64 (m, 6H), 1.10–0.92 (m, 6H). 13C NMR (75

MHz, CD3OD) δ 175.3, 173.3, 152.0, 133.6, 130.2, 126.5, 125.8, 125.3,

118.9, 118.3, 117.8, 110.8, 40.9, 40.0, 39.3, 38.2, 37.7, 33.2, 27.4, 27.1,

24.8, 22.0,

20.5. ESIͲHRMS m/z [M+H]+ calcd for [C25H29F3N5O5]+ 536.2115,

(30:1, DCM/MeOH), yielding a colorless oil (36% yield). ESIͲMS m/z 564 [M+H]+,

586 [M+Na]+. 1H NMR (300 MHz, CD3OD) δ 8.73 (s, 1H), 8.46 (dd, J = 8.1, 1.6 Hz,

1H), 7.92–7.85 (m, 1H), 7.52–7.14 (m, 6H), 5.06 (dd, J = 10.1, 5.9 Hz, 1H), 4.77–

4.47 (m, 3H), 4.39 (d, J = 3.7 Hz, 3H), 4.30 (dd, J = 6.3, 2.9 Hz, 1H), 3.24–2.94 (m,

2H), 2.49–2.10 (m, 3H), 1.90–1.65 (m, 2H), 1.29 (d, J = 2.2 Hz, 3H). 13C NMR

(75 MHz, CD3OD) δ 179.4, 175.5, 171.3, 171.1, 170.8, 165.5, 165.4, 165.2,

152.4, 138.4, 137.4, 136.6, 130.2, 127.9, 127.4, 127.1, 127.1, 125.7, 125.4,

122.4, 118.5, 110.5, 74.4, 70.7, 58.1, 39.9, 37.5, 33.6, 26.9, 15.3. ESIͲHRMS m/z

[M+H]+ calcd

for [C29H31ClN5O5]+ 564.2008, found 564.2004; m/z [M+Na]+ calcd for
[C29H30ClN5O5Na]+ 586.1828, found 586.1829.

found 536.2108; m/z [M+Na]+    calcd for [C25H28F3N5O5Na]+ (R/S)Ͳ7ͲBromoͲNͲ((S)Ͳ1Ͳ{[(S)Ͳ1ͲcyanoͲ2Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)ethy-

558.1935, found 558.1929.

NͲ((S)Ͳ1Ͳ{[(S)Ͳ1ͲCyanoͲ2Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)ethyl]amino}Ͳ

4ͲmethylͲ1ͲoxopentanͲ2Ͳyl)Ͳ4ͲhydroxyͲ6ͲnitroquinolineͲ2Ͳcarbox-

amide (13i): The conversion of the primary amide 11i into the

corresponding nitrile derivative 13i was carried out following the

l]amino}Ͳ4ͲmethylͲ1ͲoxopentanͲ2Ͳyl)Ͳ1,2,3,4ͲtetrahydroisoquinolineͲ1Ͳc-

arboxamide (R/SͲ15): Final compound 13d was deprotected, allowing to obtain

the final compound 15. In a roundͲbottom flask, the final com-pound 13d

(20 mg, 1 eq) was solubilized in MeOH (0.66 mL, 0.05 M), the

solution was cooled at 0°C, and then HCl in MeOH (20 eq, 1 M) was

general procedure for the nitrile WH formation. The target slowly added. The reaction mixture was stirred at the same temperature



 15214184, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ardp.202400812 by U

niversity O
f Siena Sist B

ibliot D
i A

teneo, W
iley O

nline Library on [29/09/2025]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

ROSSI ET AL. | 15 of 21

for 1 h, then the mixture was concentrated under N2 flux, and the crude

mixture was purified by SiO2 column chromatography (30:1, CHCl3/ MeOH),

yielding a pale yellow oil (40% yield). ESIͲMS m/z 504 [M+H]+, 526 [M+Na]+.
1H NMR (300 MHz, CD3OD) δ 7.89 (s, 1H), 7.46 (d, J = 9.9 Hz, 1H), 7.30 (d,

J = 8.3 Hz, 1H), 7.09–7.00 (m, 1H), 4.69–4.32 (m, 3H), 3.00–2.68 (m, 4H),

2.57–2.43 (m, 2H), 2.33–2.07 (m, 3H), 1.98–1.50 (m, 5H), 1.09–0.74 (m,

6H). 13C NMR (101 MHz, CD3OD) δ 172.8, 172.7, 172.4, 171.7, 171.3, 167.2,

166.5, 131.8, 131.7, 131.5, 131.1, 131.0, 130.9, 129.9, 129.5, 129.0, 128.6,

120.6, 120.3, 56.7, 56.6, 53.2, 52.3, 50.8, 40.5, 40.2, 39.9, 39.7, 37.8, 33.1, 29.4,

27.4, 27.3,

24.8, 24.6, 24.1, 22.4, 22.4, 22.0, 21.9, 20.9, 20.7, 20.7, 19.6, 19.4, 12.1. ESIͲHRMS

m/z [M+H]+ calcd for [C23H31BrN5O3]+ 504,1605, found 504.1592.

6ͲAminoͲNͲ((S)Ͳ1Ͳ{[(S)Ͳ1ͲcyanoͲ2Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)ethyl]

amino}Ͳ4ͲmethylͲ1ͲoxopentanͲ2Ͳyl)Ͳ4ͲhydroxyquinolineͲ2Ͳcarboxa-

colorless oil (61% yield). ESIͲMS m/z 618 [M+H]+ 640 [M+Na]+. 1H NMR

(300 MHz, CDCl3) δ 10.36 (m, 1H), 8.67 (m, 1H), 8.40 (d, J = 7.8 Hz, 1H), 8.13 (m,

1H), 7.86–7.58 (m, 1H), 7.36–7.18 (m, 2H), 6.87 (s, 1H), 4.72–4.40 (m, 3H),

4.34 (s, 3H), 3.67 (s, 3H), 3.37–3.18 (m, 2H), 2.58–2.19 (m, 4H), 1.91–1.39

(m, 5H), 1.12–0.75 (m, 12H).

NͲ{(S)Ͳ1Ͳ[((S)Ͳ1Ͳ{[(S)Ͳ1ͲAminoͲ1ͲoxoͲ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)

propanͲ2Ͳyl]amino}Ͳ4ͲmethylͲ1ͲoxopentanͲ2Ͳyl)amino]Ͳ3ͲmethylͲ1Ͳox-

obutanͲ2Ͳyl}Ͳ8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ1,4ͲdihydroquinolineͲ3Ͳcarbox-amide

(19): For the synthesis of compound 19, the general procedure for the

primary amide conversion was followed using the ester inter-mediate 18

as the starting material. The crude product, a white amorphous solid,

was used for the following reaction without any further purification

(88% yield). ESIͲMS m/z 604 [M+H]+ 626 [M+Na]+.

8ͲChloroͲNͲ{(S)Ͳ1Ͳ[((S)Ͳ1Ͳ{[(S)Ͳ1ͲcyanoͲ2Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)

ethyl]amino}Ͳ4ͲmethylͲ1ͲoxopentanͲ2Ͳyl)amino]Ͳ3ͲmethylͲ1ͲoxobutanͲ

mide (16): To a solution of compound 13i (40 mg, 1 eq) in a mixture 2Ͳyl}Ͳ1ͲmethylͲ4ͲoxoͲ1,4ͲdihydroquinolineͲ3Ͳcarboxamide (20): The

of EtOH/H2O (5:1, 0.82 mL, 0.1 M), NH4Cl (15 mg. 3,3 eq) and Fe powder

(15 mg, 3.3 eq) were added. The reaction mixture was stirred at 55°C for

30 min, then the solid was filtered on celite, and washed with EtOH (3 × 1 mL).

The solute was concentrated under reduced pressure, solubilized with EtOAc

(3 mL), and washed with aqueous NaHCO3 (3 × 2 mL), and then the

combined organic phase was dried over anhy-

drous Na2SO4, filtered, and concentrated under reduced pressure. The

conversion of the primary amide 19 into the corresponding nitrile

derivative 20 was carried out following the general procedure for the

nitrile WH formation. The mixture was purified by SiO2 column

chromatography (30:1, DCM/MeOH), yielding a colorless oil (18% yield). ESIͲMS

m/z 586 [M+H]+, 608 [M+Na]+. 1H NMR (300 MHz, CD3OD) δ 10.58–10.47 (m,

1H), 8.80–8.68 (m, 1H), 8.58 (m, 1H), 8.47–8.39 (m, 1H),

8.23 (d, J = 8.5 Hz, 1H), 7.89 (d, J = 7.5 Hz, 1H), 7.73 (dd, J = 8.8, 4.3 Hz,

final compound was purified by SiO2    column chromatography 1H), 7.47 (t, J = 7.9 Hz, 1H), 4.40 (s, 3H), 4.70–4.13 (m, 3H), 3.23–3.07 (m,

(20:1, DCM/MeOH), yielding a pale yellow oil (95% yield). ESIͲMS m/z 453

[M+H]+, 475 [M+Na]+. 1H NMR (300 MHz, CD3OD) δ 8.58 (s, 1H), 7.98 (bs, 1H),

7.87 (t, J = 7.2 Hz, 1H), 7.75–7.44 (m, 4H), 7.33–7.14 (m, 2H), 6.97 (d, J = 7.6 Hz,

1H), 4.64–4.47 (m, 2H), 3.77–3.59 (m, 1H), 3.25–3.08 (m, 1H), 2.68–2.22 (m,

3H), 2.04–1.63 (m, 5H), 1.00 (dd, J = 12.7, 6.1 Hz, 6H). 13C NMR (75 MHz,

CD3OD) δ 180.7, 177.1, 172.8, 153.8, 139.7, 139.5, 138.0, 129.3, 128.8, 128.5,

127.3, 119.7, 75.7,

72.0, 58.7, 41.2, 39.8, 39.7, 38.8, 30.7, 28.4, 28.3, 16.7. ESIͲHRMS m/z

1H), 2.58–2.15 (m, 5H), 1.92–1.57 (m, 5H), 1.12–0.87 (m, 12H). 13C NMR (75 MHz,

CD3OD) δ 175.8, 173.3, 172.5, 152.4, 137.8, 136.7, 130.5, 125.9, 125.6, 122.6,

110.7, 59.0, 51.6, 51.3, 40.1, 38.4, 32.3, 30.7, 29.5, 29.3, 27.9, 27.7, 24.4, 22.3,

21.9, 20.5, 18.7, 16.9. ESIͲHRMS m/z [M+H]+ calcd for [C29H38ClN6O5]+

585.2587, found 585.2565; m/z [M+Na]+

calcd for [C29H37ClN6O5Na]+ 607.2406, found 607.2382.

[M+H]+ calcd for [C23H29N6O4]+ 453.2245, found 453.2234; m/z [M 4.1.4 | Synthetic procedure for the preparation of
+Na]+ calcd for [C23H28N6O4Na]+ 475.2064, found 475.2052. compounds 25a–c and 26

Methyl (S)Ͳ2Ͳ{(S)Ͳ2Ͳ[(tertͲbutoxycarbonyl)amino]Ͳ4Ͳmethylpentanamido}Ͳ

4.1.3 | Synthetic procedure for the preparation of 3Ͳ(1HͲ1,2,3ͲtriazolͲ1Ͳyl)propanoate (23a): Compound 23a was synthe-

compound 20

Methyl (6S,9S,12S)Ͳ9ͲisobutylͲ6ͲisopropylͲ2,2ͲdimethylͲ4,7,10ͲtrioxoͲ

12Ͳ[((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)methyl]Ͳ3ͲoxaͲ5,8,11ͲtriazatridecanͲ13Ͳoate (17):

Compound 17 was synthesized according to the general procedures for Boc

cleavage and coupling reaction using (tertͲbutoxycarbonyl)ͲLͲ valine as the

appropriate carboxylic acid and the previously prepared ester intermediate 9a

as the starting material. ESIͲMS and 1H NMR data are in accordance with those

reported in the literature.[23]

Methyl (S)Ͳ2Ͳ{(S)Ͳ2Ͳ[(R)Ͳ2Ͳ(8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ1,4Ͳdihydro-

quinolineͲ3Ͳcarboxamido)Ͳ3Ͳmethylbutanamido]Ͳ4Ͳmethylpentanami-

do}Ͳ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propanoate (18): Compound 18 was

synthesized according to the general procedures for Boc cleavage and

coupling reaction using 8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ1,4ͲdihydroquinolineͲ

3Ͳcarboxylic acid as the appropriate carboxylic acid. The mixture was

purified by SiO2 column chromatography (30:1, DCM/MeOH), yielding a

sized according to the general procedure for a coupling reaction using the

modified amino acid 21a (synthesis reported in supporting information) and

BocͲLeuͲOH as the appropriate carboxylic acid. The mixture was used without

any further purification, yielding a colorless oil (89% yield). ESIͲMS m/z 384

[M+H]+, 406 [M+Na]+.

Methyl (tertͲbutoxycarbonyl)ͲLͲleucylͲLͲhistidinate (23b): Com-

pound 23b was synthesized according to the general procedures for Boc

cleavage and coupling reaction using the natural amino acid 21b as the

starting material and BocͲLeuͲOH as the appropriate carbox-ylic acid.

ESIͲMS and 1H NMR data are in accordance with those reported in the

literature.[24]

Methyl (tertͲbutoxycarbonyl)ͲLͲleucylͲLͲthreoninate (23c): Com-

pound 23c was synthesized according to the general procedures for Boc

cleavage and coupling reaction using the natural amino acid 21c and

BocͲLeuͲOH as the appropriate carboxylic acid. ESIͲMS and 1H

NMR data are in accordance with those reported in the literature.[25]
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Methyl (S)Ͳ2Ͳ[(S)Ͳ2Ͳ(8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ1,4ͲdihydroquinolineͲ 49.6, 40.7, 24.7, 21.9, 20.5. ESIͲHRMS m/z [M+H]+ calcd for

3Ͳcarboxamido)Ͳ4Ͳmethylpentanamido]Ͳ3Ͳ(1HͲ1,2,3ͲtriazolͲ1Ͳyl)propano-ate

(24a): Compound 24a was synthesized according to the general procedures

for Boc cleavage and coupling reaction using compound 23a and

8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ1,4ͲdihydroquinolineͲ3Ͳcarboxylic acid as the

appropriate carboxylic acid. The crude mixture was purified by SiO2

column chromatography (30:1, DCM/MeOH), yielding a colorless oil (64% yield).

ESIͲMS m/z 504 [M+H]+, 526 [M+Na]+. 1H NMR (300 MHz, CD3OD) δ

10.29 (d, J = 6.7 Hz, 1H), 8.70 (d, J = 2.8 Hz, 1H), 8.40 (d, J = 8.1 Hz, 1H), 8.05

(dd, J = 8.6, 0.9 Hz, 1H), 7.87 (m, 1H), 7.74–7.64 (m, 1H), 7.44 (m, 1H), 5.13–4.72

(m, 3H), 4.57 (m, 1H), 4.40 (d, J = 1.5 Hz, 3H),

3.76 (s, 3H), 1.83–1.56 (m, 3H), 0.96 (m, 6H).

[C22H25ClN7O3]+ 470.1702, found 470.1698; m/z [M+Na]+ calcd for

[C22H24ClN7O3Na]+ 492.1521, found 492.1514.

8ͲChloroͲNͲ((S)Ͳ1Ͳ{[(S)Ͳ1ͲcyanoͲ2Ͳ(1HͲimidazolͲ4Ͳyl)ethyl]amino}Ͳ

4ͲmethylͲ1ͲoxopentanͲ2Ͳyl)Ͳ1ͲmethylͲ4ͲoxoͲ1,4ͲdihydroquinolineͲ

3Ͳcarboxamide (25b): For the synthesis of compound 25b, the

general procedure for the primary amide conversion was followed using

the ester intermediate 24b as the starting material. The crude product, a

white amorphous solid, was used for the following reaction without

any further purification (88% yield). ESIͲMS m/z 470 [M+H]+, 492

[M+Na]+. The conversion of the primary amide

into the corresponding nitrile derivative 25b was carried out fol-

Methyl (8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ1,4ͲdihydroquinolineͲ3Ͳcarbonyl)Ͳ lowing the general procedure for the nitrile WH formation.

LͲleucylͲLͲhistidinate (24b): Compound 24b was synthesized according to The mixture was purified by SiO2     column chromatography the

general procedures for Boc cleavage and coupling reaction using (30:1, DCM/MeOH), yielding a colorless oil (37% yield). ESIͲMS m/z

compound 23b and 8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ1,4ͲdihydroquinolineͲ 470 [M+H]+, 492 [M+Na]+. 1H NMR (300 MHz, CD3OD) δ 8.72 (s,

3Ͳcarboxylic acid as the appropriate carboxylic acid. The mixture was purified

by SiO2 column chromatography (30:1, DCM/MeOH), yielding a colorless oil

(68% yield). ESIͲMS m/z 502 [M+H]+, 524 [M+Na]+. 1H NMR (300 MHz, CD3OD)

δ 10.36 (d, J = 6.5 Hz, 1H), 8.67 (s, 1H), 8.38 (t, J = 6.9 Hz, 1H), 7.90–7.76 (m,

1H), 7.43 (t, J = 8.2 Hz, 1H), 6.92 (s, 1H), 4.69 (m, 1H), 4.52 (m, 1H), 4.43–4.25 (s,

3H), 3.4 (s, 3H), 3.30 (dt, J = 3.4, 1.8 Hz, 1H), 3.22–2.95 (m, 1H), 1.89– 1.54 (m,

3H), 1.06 (m, 6H).

Methyl (8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ1,4ͲdihydroquinolineͲ3Ͳcarbonyl)Ͳ

LͲleucylͲLͲthreoninate (24c): Compound 24c was synthesized according to

the general procedures for Boc cleavage and coupling reaction using

1H), 8.45 (dd, J = 8.1, 1.5 Hz, 1H), 7.94–7.84 (m, 1H), 7.59 (s, 1H), 7.48 (t, J =

7.9 Hz, 1H), 7.02 (s, 1H), 5.05 (t, J = 7.4 Hz, 1H), 4.56 (dd, J = 9.2, 5.7 Hz, 1H),

4.40 (s, 3H), 3.13 (dd, J = 7.3, 4.0 Hz, 1H), 1.84–1.54 (m, 4H), 0.98 (dd,

J = 12.2, 6.3 Hz, 6H). 13C NMR (75 MHz, CD3OD) δ 175.6, 173.1, 165.0,

152.3, 137.7, 136.7, 130.4, 125.9, 125.6, 122.6, 117.7, 110.4, 78.0,

51.9, 40.9, 40.6, 31.3, 29.3, 24.7, 22.0, 20.6, 12.9. ESIͲHRMS m/z [M+H]+

calcd for [C23H26ClN6O3]+ 469.1749, found 469.1749; m/z [M+Na]+

calcd for [C23H25ClN6O3Na]+ 491.1569, found 491.1572.

8ͲChloroͲNͲ{(S)Ͳ1Ͳ[((1 R,2 R)Ͳ1ͲcyanoͲ2Ͳhydroxypropyl)amino]Ͳ

compound 23c and 8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ1,4ͲdihydroquinolineͲ 4ͲmethylͲ1ͲoxopentanͲ2Ͳyl}Ͳ1ͲmethylͲ4ͲoxoͲ1,4ͲdihydroquinolineͲ

3Ͳcarboxylic acid as the appropriate carboxylic acid. The mixture was purified

by SiO2 column chromatography (30:1, DCM/MeOH), yielding a pale yellow oil

(61% yield). ESIͲMS m/z 466 [M+H]+, 488 [M+Na]+. 1H NMR (300 MHz,

AcetoneͲd6) δ 10.23 (d, J = 7.7 Hz, 1H), 8.69 (s, 1H), 8.41 (m, 1H), 7.89–7.84 (m, 1H),

7.48 (dd, J = 7.9, 3.2 Hz, 1H), 4.90–4.78 (m, 1H), 4.43 (s, 1H), 4.31–4.26 (m, 1H),

3.92 (m, 1H), 3.69 (s, 1H), 2.05 (m, 1H), 1.86–1.68 (m, 3H), 1.17 (d, J = 6.3 Hz,

3H), 0.97 (dd, J = 11.3, 5.9 Hz, 6H).

8ͲChloroͲNͲ((S)Ͳ1Ͳ{[(S)Ͳ1ͲcyanoͲ2Ͳ(1HͲ1,2,3ͲtriazolͲ1Ͳyl)ethyl]ami-

no}Ͳ4ͲmethylͲ1ͲoxopentanͲ2Ͳyl)Ͳ1ͲmethylͲ4ͲoxoͲ1,4ͲdihydroquinolineͲ

3Ͳcarboxamide (25a): For the synthesis of compound 25a, the general

procedure for the primary amide conversion was followed using 24a as the

starting material. The crude product, a white amorphous solid, was used

immediately for the following reaction without any further

purification (95% yield). ESIͲMS m/z 489 [M+H]+, 511 [M+Na]+. The

conversion of the primary amide into the corresponding nitrile

3Ͳcarboxamide (25c): For the synthesis of compound 25c, the general

procedure for the primary amide conversion was followed using the

ester intermediate 24c as the starting material. The crude product, a

white amorphous solid, was used immediately for the following

reaction without any further purification (68% yield). ESIͲ MS m/z 470

[M+H]+, 492 [M+Na]+. The conversion of the primary amide into the

corresponding nitrile derivative 25c was carried out following the general

procedure for the nitrile WH formation. The mix-ture was purified by SiO2

column chromatography (30:1, DCM/MeOH), yielding a colorless oil (41%

yield). ESIͲMS m/z 434 [M+H]+. 1H NMR (300 MHz, CD3OD) δ 10.39 (d,

J = 6.9 Hz, 1H), 8.70 (s, 1H), 8.43 (dd, J = 8.1, 1.5 Hz, 1H), 7.89 (dd, J = 7.7, 1.5 Hz,

1H), 7.46 (t, J = 7.9 Hz, 1H), 4.63 (d, J = 4.1 Hz, 1H), 4.38 (s, 3H), 4.04 (dd, J = 11.9,

5.7 Hz, 1H), 1.76 (m, 3H), 1.28 (d, J = 6.3 Hz, 3H), 1.16 (dd, J = 15.4, 7.0 Hz, 1H),

1.01 (dd, J = 11.8, 6.2 Hz, 6H). 13C NMR (75 MHz, CD3OD) δ 175.7, 173.4, 165.0,

152.3, 137.7, 136.7, 130.5, 125.9, 125.6, 122.5, 117.2, 110.4, 66.5, 51.9,

derivative 25a was carried out following the general procedure for 40.9, 24.8, 22.1, 20.6, 17.7. ESIͲHRMS m/z [M+H]+    calcd for

the nitrile WH formation. The crude mixture was purified by SiO2

column chromatography (20:1, DCM/MeOH), yielding a colorless oil (37%).

ESIͲMS m/z 470 [M+H]+, 492 [M+Na]+. 1H NMR (300 MHz, CD3OD) δ

10.33 (d, J = 5.8 Hz, 1H), 8.71 (d, J = 3.6 Hz, 1H), 8.48–8.37 (m, 1H),

8.10 (m, 1H), 7.89 (m, 1H), 7.74 (d, J = 3.7 Hz, 1H), 7.46 (m, 1H), 5.42 (m,

1H), 4.95–4.87 (m, 2H), 4.50 (m, 1H), 4.39 (d, J = 4.8 Hz, 3H), 1.78–1.54 (m,

3H), 1.01–0.90 (m, 6H). 13C NMR (75 MHz, CD3OD) δ 175.7, 173.4, 165.0,

152.4, 137.8, 136.7,

133.3, 130.5, 125.9, 125.6, 125.5, 122.6, 115.5, 110.4, 52.0, 51.9,

[C21H26ClN4O4]+ 433.1637, found 433.1626; m/z [M+Na]+ calcd for

[C21H25ClN4O4Na]+ 455.1456, found 455.1441.

8ͲChloroͲNͲ[(S)Ͳ1Ͳ({(1 R,2 R)Ͳ1ͲcyanoͲ2Ͳ[((R/S)ͲtetrahydrofuranͲ

2Ͳyl)oxy]propyl}amino)Ͳ4ͲmethylͲ1ͲoxopentanͲ2Ͳyl]Ͳ1ͲmethylͲ4ͲoxoͲ

1,4ͲdihydroquinolineͲ3Ͳcarboxamide (R/SͲ26): In a glass vial under a

N2 atmosphere, the final compound 25c (10 mg, 1 eq) was solubilized in

anhydrous DCM (0.5 mL, 0.04 M), and then 2,3Ͳdihydrofuran (3 mg, 1.5 eq)

was added, followed by a solution (0.006 M) of PTSA (2 mg,

0.15 eq) in DCM (0.5 mL). The reaction mixture was stirred for 12 h at
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20°C, and then the mixture was dried under N2 flux. The mixture was

directly purified by SiO2 column chromatography (30:1, CHCl3/

MeOH), yielding a white amorphous solid (44% yield). ESIͲMS m/z 504

[M+H]+. 1H NMR (300 MHz, CD3OD) δ 8.71 (s, 1H), 8.46 (d, J = 8.1 Hz, 1H),

7.91 (d, J = 7.9 Hz, 1H), 7.48 (t, J = 7.9 Hz, 1H), 4.69–4.57 (m, 1H), 4.39 (s,

3H), 4.14–3.72 (m, 2H), 2.09–1.51 (m, 5H), 1.44–1.17 (m, 8H), 1.08–0.73

(m, 6H). 13C NMR (101 MHz, CD3OD) δ 182.1, 174.5, 160.1, 159.7, 157.1,

138.4, 117.1, 108.7,

105.0, 66.5, 66.4, 57.3, 56.6, 53.8, 49.4, 39.9, 31.7, 24.5, 23.0, 22.0,

NͲ((2S,3S)Ͳ1Ͳ{[(S)Ͳ1ͲHydroxyͲ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propanͲ

2Ͳyl]amino}Ͳ3ͲmethylͲ1ͲoxopentanͲ2Ͳyl)quinolineͲ8Ͳcarboxamide

(29b): Compound 29b was synthesized starting from ester inter-

mediate 28 following the general procedure for ester reduction to

alcohol reported previously. The mixture was purified by SiO2

column chromatography (20:1, DCM/MeOH), yielding a colorless oil

(65% yield). ESIͲMS m/z 427 [M+H]+ 449 [M+Na]+. 1H NMR (300 MHz,

CD3OD) δ 11.94 (m, 1H), 9.02 (dd, J = 4.2, 1.7 Hz, 1H),

8.77–8.56 (m, 1H), 8.46 (dd, J = 8.4, 1.6 Hz, 1H), 8.30–8.00 (m,

20.3, 17.7. ESIͲHRMS m/z [M+H]+    calcd for [C25H32ClN4O5]+ 1H), 7.89–7.45 (m, 2H), 5.48 (s, 1H), 4.69–4.49 (m, 1H), 4.17–3.90

503.2056, found 503.2062; m/z [M+Na]+ calcd for [C25H31ClN4O5-

Na]+ 525.1875, found 525.1876.

(m, 1H), 3.64–3.39 (m, 2H), 3.23–3.07 (m, 2H), 2.62–2.24 (m, 2H), 2.17–

1.93 (m, 2H), 1.80–1.32 (m, 4H), 1.12 –0.95 (m, 6H).

General procedure for the conversion of the alcohol moiety in

aldehyde WH exemplified by compound NͲ((S)Ͳ4ͲmethylͲ1ͲoxoͲ

4.1.5 | Synthetic procedure for the preparation of         1Ͳ{[(S)Ͳ1ͲoxoͲ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propanͲ2Ͳyl]amino}pentanͲ

compounds 30a–b, 31, and 34                                             2Ͳyl)quinolineͲ8Ͳcarboxamide (30a): In a twoͲnecked ovenͲdried

roundͲbottom flask under a N2 atmosphere, the alcohol intermedi-

Methyl (S)Ͳ2Ͳ{(2S,3S)Ͳ2Ͳ[(tertͲbutoxycarbonyl)amino]Ͳ3Ͳmethylpen- ate 29a (36 mg, 1 eq) was solubilized in anhydrous DCM (1.2 mL,

tanamido}Ͳ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propanoate (27): Compound 0.07 M) and cooled at 0°C. Then Dess–Martin periodinane (DMP)

27 was synthesized according to the general procedures for Boc cleavage

and coupling reaction using BocͲIleͲOH as the appropriate carboxylic acid.

The crude mixture was purified through SiO2 column chromatography

(30:1, DCM/MeOH), yielding a colorless oil (91% yield). ESIͲMS m/z 400

[M+H]+ 422 [M+Na]+. 1H NMR (300 MHz, CDCl3) δ 7.79 (d, J = 7.1 Hz, 1H),

5.25 (d, J = 6.3 Hz, 1H), 4.16–3.96 (m, 2H), 3.71 (d, J = 3.2 Hz, 3H), 3.32 (d,

J = 6.5 Hz, 2H), 2.55–2.28 (m, 2H), 2.22–1.72 (m, 5H), 1.40 (s, 9H), 1.28–1.20

(m, 1H), 0.92 (dd,

J = 9.8, 6.4 Hz, 6H).

(286 mg, 8 eq) was added in one portion. The reaction mixture was stirred

at 0°C for 30 min, an aqueous solution of NaHCO3 (2 mL) was added, and

the water phase was extracted with DCM (3 × 2 mL). The combined organic

phase was washed with Na2S2O3 (3 × 1 mL) and brine (3 × 1 mL), dried

over anhydrous Na2SO4, filtered, and concentrated under vacuum. The

crude mixture was purified by SiO2 column chromatography (15:1,

DCM/MeOH), yielding a col-orless oil (72% yield). ESIͲMS m/z 425

[M+H]+ 447 [M+Na]+. 1H

NMR (300 MHz, CDCl3) δ 11.67 (d, J = 7.2 Hz, 1H), 9.56 (s, 1H), 8.96

Methyl       (S)Ͳ2Ͳ[(2S,3S)Ͳ3ͲmethylͲ2Ͳ(quinolineͲ8Ͳcarboxamido)        (d, J = 2.5 Hz, 1H), 8.80 (d, J = 7.4 Hz, 1H), 8.29 (d, J = 8.2 Hz, 1H),

pentanamido]Ͳ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propanoate (28): Com-        7.98 (d, J = 7.9 Hz, 1H), 7.67 (t, J = 7.8 Hz, 1H), 7.51 (dd, J = 8.2,

pound 28 was synthesized according to the general procedures for Boc

cleavage and coupling reaction using quinolineͲ8Ͳcarboxlic acid as the

appropriate carboxylic acid. The mixture was purified by SiO2 column

chromatography (20:1, DCM/MeOH), yielding a colorless oil (66% yield).

ESIͲMS m/z 455 [M+H]+ 477 [M+Na]+. 1H NMR (300 MHz, CDCl3) δ

11.88 (d, J = 8.4 Hz, 1H), 8.98 (d, J = 3.9 Hz, 1H), 8.78 (d, J = 7.4 Hz, 1H), 8.26

(d, J = 8.3 Hz, 1H), 7.95 (d, J = 8.1 Hz, 1H), 7.64 (t, J = 7.7 Hz, 1H), 7.48 (dd, J

= 7.3, 4.3 Hz, 1H), 7.02–6.55 (m, 1H), 5.00–4.42 (m, 2H), 3.70 (s, 3H), 3.27 (m,

2H), 2.54–2.01 (m, 4H), 1.95–1.59 (m, 2H), 1.47–1.13 (m, 2H), 1.14–0.90

(m, 6H).

General procedure for ester reduction to alcohol exemplified with

compound NͲ((S)Ͳ1Ͳ{[(S)Ͳ1ͲhydroxyͲ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propanͲ

2Ͳyl]amino}Ͳ4ͲmethylͲ1ͲoxopentanͲ2Ͳyl)quinolineͲ8Ͳcarboxamide (29a): In a

roundͲbottom flask, the ester intermediate 10a (60 mg, 1 eq) was solubilized

in anhydrous MeOH (0.8 mL, 0.15 M) in a N2 atmosphere and cooled at 0°C.

Then, NaBH4 (40 mg, 8 eq) was carefully added, the reaction mixture was

allowed to reach 20°C and stirred for 10 h. Sub-sequently, an aqueous

solution of NH4Cl (1 mL) was slowly added, and the water phase was

extracted with EtOAc (3 × 3 mL). The combined organic phase was dried

over anhydrous Na2SO4, filtered, and con-centrated under vacuum. The

crude mixture was then purified by SiO2 column chromatography (20:1,

DCM/MeOH), yielding a white amor-

phous solid (68% yield). ESIͲMS m/z 427 [M+H]+ 449 [M+Na]+.

4.3 Hz, 1H), 4.96–4.81 (m, 1H), 4.62–4.39 (m, 1H), 3.21 (m, 2H), 2.61–

1.67 (m, 8H), 1.09–0.88 (m, 6H). 13C NMR (75 MHz, CDCl3) δ 199.7, 172.8,

168.7, 166.2, 149.6, 141.4, 137.8, 133.9, 132.6, 131.4, 127.8, 126.5,

121.0, 94.4, 58.9, 57.5, 40.7, 37.2, 28.3, 25.3, 16.0, 15.1, 11.6. ESIͲHRMS

m/z [M+H]+ calcd for [C23H29N4O4]+ 425.2183, found 425.2168.

NͲ((2S,3S)Ͳ3ͲMethylͲ1ͲoxoͲ1Ͳ{[(S)Ͳ1ͲoxoͲ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ

3Ͳyl)propanͲ2Ͳyl]amino}pentanͲ2Ͳyl)quinolineͲ8Ͳcarboxamide (30b): The

final aldehydic compound 30b was synthesized starting from the alcohol

intermediate 29b, following the general procedure for the conversion

of the alcohol moiety in aldehyde WH reported previously. The crude

mixture was purified by SiO2 column chro-matography (15:1,

DCM/MeOH), (71% yield). ESIͲMS m/z 425 [M +H]+ 447 [M+Na]+. 1H

NMR (300 MHz, CD3OD) δ 12.07–11.81 (m, 1H), 9.53 (s, 1H), 9.02 (dd, J

= 4.3, 1.7 Hz, 1H), 8.63 (d, J = 7.3 Hz, 1H), 8.47 (dd, J = 8.3, 1.4 Hz, 1H), 8.12

(dd, J = 11.9, 5.1 Hz, 1H), 7.71 (t, J = 7.8 Hz, 1H), 7.62 (dd, J = 8.3, 4.3 Hz, 2H),

4.68–4.57 (m, 1H), 4.57– 4.43 (m, 1H), 4.08–3.95 (m, 1H), 3.24–3.03 (m,

2H), 2.59–2.01 (m, 3H), 1.84–1.33 (m, 4H), 1.16–0.95 (m, 6H). 13C NMR

(75 MHz, CD3OD) δ 181.3, 172.8, 166.6, 149.9, 145.3, 137.8, 132.8, 132.5,

128.7, 128.0, 126.0, 121.3, 98.2, 59.1, 51.5, 40.0, 38.0, 37.3, 29.1, 27.4,

24.9, 14.9, 10.4. ESIͲHRMS m/z [M+H]+ calcd for

[C23H29N4O4] 425.2183, found 425.2193.
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NͲ((2S,3 R)Ͳ1Ͳ{[(1 R/S,2S)Ͳ1ͲCyanoͲ1ͲhydroxyͲ3Ͳ((S)Ͳ2Ͳoxopyrrol-

idinͲ3Ͳyl)propanͲ2Ͳyl]amino}Ͳ3ͲmethylͲ1ͲoxopentanͲ2Ͳyl)quinolineͲ

1H), 7.84 (d, J = 8.1 Hz, 1H), 7.71–7.60 (m, 1H), 7.47 (t, J = 7.9 Hz, 1H),

7.34 (d, J = 8.8 Hz, 1H), 4.67–4.43 (m, 2H), 4.39 (s, 3H), 3.26–3.16 (m,

8Ͳcarboxamide (R/SͲ31): In a roundͲbottom flask, the final 2H), 2.36 (m, 3H), 1.91–1.47 (m, 5H), 1.00 (dd, J = 12.6, 6.2 Hz, 6H).

compound 30b (30 mg, 1 eq) was solubilized in DCM (1.3 mL, 0.05 M), and

then an aqueous solution (8 M) of NaHSO3 (10 mg, 1.3 eq) was added drop

by drop. The reaction mixture was stirred at 20°C for 30 min, and then an

aqueous solution (1.6 M) of KCN (5.5 mg, 1.2 eq)

was slowly added. The reaction mixture was stirred at 20°C for 12 h.

13C NMR (101 MHz, CD3OD) δ 181.4, 175.7, 173.7, 164.9, 152.3, 137.7,

136.7, 130.5, 126.0, 122.6, 110.6, 98.1, 78.1, 52.2, 51.3, 41.1,

40.1, 38.0, 29.9, 29.5, 27.5, 24.8, 22.1, 20.9.

Then, the reaction mixture was extracted with DCM (3 × 2 mL), and the 4.2 | Protein expression and purification
organic phase was dried over anhydrous Na2SO4, filtered, and con-

centrated under vacuum. The crude mixture was purified by SiO2 column

chromatography (20:1, DCM/MeOH), yielding a colorless oil (63% yield).

ESIͲMS m/z 452 [M+H]+    474 [M+Na]+. 1H NMR (300 MHz, CD3OD) δ

9.02 (d, J = 4.0 Hz, 1H), 8.65 (d, J = 6.8 Hz, 1H), 8.47 (d, J = 7.0 Hz, 1H), 8.14 (d,

J = 8.0 Hz, 1H), 7.72 (t, J = 7.8 Hz, 1H), 7.62 (dd, J = 8.3, 4.3 Hz, 1H), 4.70–4.43

(m, 1H), 4.29–4.16 (m, 1H),

3.26–3.06 (m, 2H), 2.67–1.99 (m, 4H), 1.88–1.36 (m, 4H), 1.17–0.95

Plasmid expressing SARSͲCoVͲ2 Mpro (ORF1ab polyprotein residues

3264Ͳ3569, GenBank code: MN908947.3) was a gift from Prof. Rolf

Hilgenfeld and the protein was purified according to reference[26], with

minor modifications.

Culture ad lysis: overnight preͲinoculation of Escherichia coli BL21 ΔE3 cells

in 20 mL of Luria broth (LB) medium with 100 mg/mL ampicillin

was inoculated to a 2 L culture until OD600 = 0.6 at 37°C, followed

(m, 6H). 13C NMR (75 MHz, CD3OD) δ 181.3, 180.9, 173.2, 172.8, by    overnight    induction    at    16°C    with    0.5 mM    IsopropilͲβͲDͲ

166.6, 149.9, 145.3, 137.9, 132.9, 132.6, 128.7, 126.0, 121.3, 98.2, 59.2,

40.0, 38.0, 37.3, 29.3, 29.1, 27.4, 24.9, 15.0, 10.3. ESIͲHRMS m/z [M+H]+ calcd

for [C24H30N5O4]+ 452.2292; found 452.2287; m/z [M +Na]+ calcd for

[C24H29N5O4Na]+ 474.2112 found, 474.2106.

tertͲButyl ((S)Ͳ1Ͳ{[(S)Ͳ1ͲhydroxyͲ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propan

Ͳ2Ͳyl]amino}Ͳ4ͲmethylͲ1ͲoxopentanͲ2Ͳyl)carbamate (32): Compound 32

was synthesized starting from ester intermediate 9a following the general

procedure for ester reduction to alcohol reported previously. The mixture

was used without any further purification, yielding a colorless oil (46%

yield). ESIͲMS m/z 372 [M+H]+ 394 [M+Na]+. ESIͲ MS m/z 371 [M+H]+. 1H

NMR (400 MHz, CDCl3) δ 7.35–7.24 (m, 1H), 6.43 (s, 1H), 5.17–5.00 (m, 1H),

4.31–4.15 (m, 1H), 3.38–3.26 (m, 2H), 3.21 (m, 1H), 2.44–2.31 (m, 2H), 2.16–

1.93 (m, 1H), 1.83–1.73 (m, 1H), 1.71–1.44 (m, 5H), 1.40 (s, 9H), 0.90 (d,

J = 6.4 Hz, 6H).

8ͲChloroͲNͲ((S)Ͳ1Ͳ{[(S)Ͳ1ͲhydroxyͲ3Ͳ((S)Ͳ2ͲoxopyrrolidinͲ3Ͳyl)propanͲ

2Ͳyl]amino}Ͳ4ͲmethylͲ1ͲoxopentanͲ2Ͳyl)Ͳ1ͲmethylͲ4ͲoxoͲ1,4Ͳdihydroqu-

inolineͲ3Ͳcarboxamide (33): Compound 33 was synthesized according to the

general procedures for Boc cleavage and coupling reaction using

8ͲchloroͲ1ͲmethylͲ4ͲoxoͲ1,4ͲdihydroquinolineͲ3Ͳcarboxylic acid as the

appropriate carboxylic acid. The mixture was purified by SiO2 column

chromatography (30:1, DCM/MeOH), yielding a colorless oil (41% yield). ESIͲMS

m/z 492 [M+H]+ 514 [M+Na]+. 1H NMR (300 MHz, CD3OD) δ 8.85 (s, 1H),

8.49 (d, J = 9.4 Hz, 1H), 8.00 (d, J = 7.7 Hz, 1H), 7.56 (t, J = 7.9 Hz, 1H), 4.66–

4.50 (m, 1H), 4.46 (s, 3H), 4.09–3.92 (m, 1H),

3.61–3.37 (m, 2H), 3.03–2.91 (m, 1H), 2.57–2.20 (m, 3H), 2.09–1.46 (m,

1Ͳtiogalattopiranoside. Cells were then collected by centrifugation and pellets

were stored at –80°C. The cell pellet (∼15 g) was resuspended in 45 mL of

Buffer A (20 mM Tris Cl, pH 8.0, 300 mM NaCl), 1× protease inhibitor cocktail

(Merck S8820), 1 mg/mL lysozyme, and 1 mM phe-nylmethylsulfonyl

fluoride. Lysated bacteria were then sonicated in an ice bath until the cell lysate

became clear. Finally, 20 µL of Dnase 10 U/μL was added and the cell lysate was

left under rotation for 15 min at 4°C prior to centrifugation at 20,000 rpm

(HITACHI, rotor R20A2 rotor) for 45 min to retrieve the supernatant.

Purification: ∼40 mL of supernatant was loaded onto 1 mL of a HisͲTrap

HP (GE) affinity chromatography column, washing with 10 CV of Buffer A

and 10 CV of 10% Buffer B (20 mM TrisCl, pH 8.0, 300 mM NaCl, 300

mM imidazole). Two steps of elution were performed using 25% and

100% of Buffer B. Eluted histidineͲtagged Mpro was (uncut) con-

centrated in 1 mL in Storage Buffer (50 mM TrisCl, pH 7.3, 75 mM NaCl,

1 mM ethylendiaminetetracetic acid (EDTA), 1 mM DTT) using a 30 MWCO

concentrator. The histidine tag was removed by adding 200 μL of 40 μM

HRV3C in HRVͲ3C Cut Buffer 3X (Tris Cl 150 mM, pH 8.0, NaCl 900 mM,

Glycerol 5%, DTT 3 mM). The digestion reaction was left under

rotation for 16 h at +4°C. HistidineͲfree Mpro was then diluted in a

Storage Buffer, loaded on a second 1 mL HisTrap HP, collected as

flowͲthrough, concentrated to 1 mL in the

Storage Buffer, and stored at –80°C.

6H), 1.06–0.85 (m, 6H). 4.3 | Protease assay
8ͲChloroͲ1ͲmethylͲNͲ((S)Ͳ4ͲmethylͲ1ͲoxoͲ1Ͳ{[(S)Ͳ1ͲoxoͲ3Ͳ((S)Ͳ

2ͲoxopyrrolidinͲ3Ͳyl)propanͲ2Ͳyl]amino}pentanͲ2Ͳyl)Ͳ4ͲoxoͲ1,4Ͳdihyd-

roquinolineͲ3Ͳcarboxamide (34): The final aldehydic compound 34 was

synthesized starting from the alcohol intermediate 33, following the

general procedure for the conversion of the alcohol moiety in alde-

hyde WH reported previously. The crude mixture was purified by SiO2

column chromatography (30:1, DCM/MeOH), (36% yield). ESIͲMS m/z 490

[M+H]+ 512 [M+Na]+. 1H NMR (300 MHz, CD3OD) δ 10.34 (d,

J = 7.2 Hz, 1H), 9.50 (s, 1H), 8.71 (d, J = 3.1 Hz, 1H), 8.45 (d, J = 8.3 Hz,

Compounds' activity was evaluated in vitro using a FRET assay. Peptide substrate

HiLyte Fluor488–ESATLQSGLRKAK–QXL520ͲNH2 was pur-chased from Anaspec

and used as an Mpro substrate. Substrate cleavage was monitored by applying an

excitation wavelength filter at 475 nm and an emission wavelength filter at

500–550 nm on a Glomax Discover Microplate reader (Promega). Reactions

were performed for 30 min at 30°C using 0.5 μM Mpro, 2 μM, or 4 μM

peptide substrate, 20 mM hy-

droxyethylpiperazine ethane sulfonic acid, pH 7.5, 150 mM NaCl, 4%
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glycerol, 2 mM DTT, 0.4 mM EDTA, and 5% DMSO in a final volume of peptideͲbased derivatives were generated as described previ-

50 μL in a black 384Ͳwell plate (Perkin Elmer). GraphPad Prism 5.0 was used to

determine IC50 values according to the following equation:

v = V [1 + (I/IC50)],

where v is the enzyme velocity of the reaction, V is the apparent enzyme

velocity in the absence of inhibitors, I is the inhibitor con-centration, and

IC50 is the inhibitor concentration that determines 50% reduction of V.

Apparent affinity (Km) for the peptidic substrate was calculated

according to the Michaelis–Menten method and was 2.36 ± 0.51 μM. Ki

values were calculated according to the Cheng–Prusoff equation:

Ki = IC50/(1 + [S]/Km),

where Ki represents the inhibitory constant, defined as the equili-

brium concentration of an inhibitory ligand when 50% of the receptor

sites are occupied if no competing substrate is present, and [S] is the

ously.[14,32,33] MacroModel (MacroModel release 2020, Schrödinger, LLC, 2020)

software was used to minimize the energy of the designed com-pounds using

OPLS3 as the force field.[34] Subsequently, LigPrep appli-cation (LigPrep release

2020, Schrödinger, LLC, 2020) was used to obtain the probable ionization state

of compounds at pH 7.4 ± 0.2 to mimic physiological conditions. The

generalized born surface area (GBSA) model was used with “no cutoff” for

nonbonded interactions to mimic solvent effects. The potential energy was

minimized using the PolakͲRibiere conjugate gradient) method (5000

maximum iterations and threshold for gradient convergence = 0.001). The

experimental structure of the SARSͲ CoVͲ2 Mpro enzyme in complex with

inhibitor 30a was experimentally solved and used for computational

investigation in this study (PDB ID 9GF7). The mentioned structure was

optimized for in silico analysis. In particular, the covalent bond between C145

and the aldehyde WH of compound 30a was broken to restore the native

arrangement of the protein. Furthermore, according to the literature

data[35,36], C145 was deprotonated and the resulting structure was refined

using the Protein

Preparation Wizard protocol accessible in Maestro to obtain a reasonable

peptide concentration. starting structure for further computational studies, as described

previously.[14,37]

4.4 | Crystallization and structure determination
4.5.2 | Molecular docking

Purified Mpro protein was concentrated to 50 mg/mL and mixed 1:1 with a

6 mM stock of compound 30a to yield a final protein and compound

concentration of 25 mg/mL and 3 mM, respectively. The protein–

compound mixture was incubated on ice for 1 h before setting up the

crystallization plates. The crystallization reaction was initiated by mixing 1 mL

of the protein–compound mixture and 1 mL of reservoir solution in a

sittingͲdrop configuration. Plates were sealed and incubated at 17°C.

Crystals appeared within 1 week under the following conditions:

Docking studies were conducted in Maestro using Glide software (Glide release

2020, Schrödinger, LLC, 2020) with standard precision SP scoring as described by

us recently.[14] The default values for preparing the en-ergy grid for docking

were used (1.0 Å for protein atomͲscaling factor), and the crystallized ligand

was used to generate the calculation box. The docked solutions selected for the

postͲdocking minimization procedure

were 1000. In addition, using the Prime/MMͲGBSA technique, we esti-

22%–27% PEG1500 and 100 mM MTT buffer [DLͲMalic acid, mated the ligand binding energy for each complex originating from

4ͲMorpholine Ethane Sulfonic acid (MES) monohydrate, and 2ͲaminoͲ

2Ͳ(hydroxymethyl)Ͳ1,3Ͳpropanediol (TRIS)ͲHCl), pH=6.0]. Crystals were

cryoprotected with 30% PEG1500, 100 mM MTT buffer, and 20% glycerol

and flashͲfrozen in liquid nitrogen. Several data sets were col-

lected at ESRF (European Synchrotron Radiation Facility) beamline ID23Ͳ

molecular docking studies (Prime release 2020, Schrödinger, LLC, 2020). This

technique computes the variation between the free and complex

states of both the ligand and the enzyme after energy minimization.[14]

2. The best diffracting crystal achieved a visual resolution of about 2 Å 4.6 | CellͲbased assays and

was used for further processing. Collected images were processed

with XDS,[27] merged with Aimless,[28] and refined with several cycles of

REFMAC[29] and PHENIX[26] with manual rebuilding in COOT.[30] The refined

structure was optimized with PDB_REDO[31] and diffracted at 1.9 Å

resolution with an R/Rfree value of 0.263/0.296 with excellent

geometry (Supporting Information S2: Table S1).

To determine the antiͲSARSͲCoVͲ2 activity of the candidate com-pounds,

a live virus cellͲbased assay was performed adapting a pre-viously published

protocol.[38] Briefly, the VERO E6 monkey cell line (ATCC® CRLͲ1586) was

used to determine the cytotoxicity and the

antiviral activity of the candidate compounds. Cells were propagated

in Dulbecco's modified eagle medium HighͲGlucose medium

(Euroclone) supplemented with 10% fetal bovine serum (FBS) and 1% 4.5
| Molecular modeling studies streptomycin/penicillin (PS) (Euroclone) in a humidified incubator at

37°C with 5% CO2. VERO E6 cells were pretreated with 0.5 µM CPͲ 4.5.1
| Protein and ligand preparation 100356 hydrochloride inhibitor to reduce the efflux activity of PͲgp,

which is overexpressed by this cell line. The SARSͲCoVͲ2 delta var-Using

the included drawing tools in the Maestro molecular modeling iant (GISAID code EPI_ISL_2840619) used for the experiments was

environment (Maestro release 2020, Schrödinger, LLC, 2020), expanded in VERO E6 cells and titrated as described previously.[38]
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To determine the cytotoxicity of all investigated compounds,

cells viability was calculated using the CellTiter Glo 2.0 Luminescent

Simone Brogi

Sandra Gemma

http://orcid.org/0000-0001-9375-6242

http://orcid.org/0000-0002-8313-2417

Cell Viability Assay (Promega); luminescence values were measured Giuseppe Campiani https://orcid.org/0000-0001-5295-9529

using the GloMax®     Discover Multimode Microplate Reader

(Promega) and elaborated with GraphPad PRISM software version RE FE R ENCES

9.0. The halfͲmaximal cytotoxic concentration (CC50) and the com-pound

concentration allowing 90% cell viability (CC10) were calcu-lated using a

nonlinear regression analysis of the dose–response curves and the

ECanything GraphPad function. The CC10 was used for each compound as

the starting concentration in the antiviral activity assay.

To determine the antiviral activity of each compound against delta

SARSͲCoVͲ2, we performed a direct yield reduction assay, based on the

infection of cells in the presence of serial drug dilutions. The day before the

infection, 10.000 VERO E6 cells per well were preseeded on 96Ͳwell

adhesion plates to ensure 70% confluence on the day of infection. Cells

were treated with fourfold decreasing concentrations of each candidate

compound and after a 1 h incuba-tion at 37°C with 5% CO2, cells were

infected at 0.001 multiplicity of infection (MOI). After 24 h incubation,

the antiviral activity was measured on the cell monolayer by measuring

the nucleocapsid ex-pression with an immunodetection assay, adapting

a previously published protocol,[39] calculated using a nonlinear fit

normalization curve (GraphPad 6.01) and expressed as the halfͲmaximal

effective concentration (EC50). Each experiment was performed in at least

two independent runs including a mock infection control, a virus back

titration, and the licensed Mpro inhibitor NRM (cat. HYͲ138687) as the

reference compound.
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Abstract: Background: Next-generation sequencing (NGS) kits are needed to finalise the transition from
Sanger sequencing to NGS in HIV-1 genotypic drug resistance testing. Materials and Methods: We compared
a homemade NGS amplicon-based protocol and the AD4SEQ HIV-1 Solution v2 (AD4SEQ) NGS kit from
Arrow Diagnostics for identifying resistance-associated mutations (RAMs) above the 5% threshold in 27
plasma samples where Sanger sequencing previously detected at least one RAM. Results: The samples
had a median 4.9 log [IQR 4.6–5.2] HIV-1 RNA copies/mL and were mostly subtype B (59%) and
CRF02_AG (15%). Homemade NGS had a lower rate of samples with low-coverage regions (2/27)
compared with AD4SEQ (13/27) (p < 0.001). Homemade NGS and AD4SEQ identified additional mutations
with respect to Sanger sequencing in 12/27 and 9/27 samples, respectively. However, there were two
and eight cases where mutations detected by Sanger sequencing were missed by homemade NGS and
AD4SEQ-SmartVir, respectively. The discrepancies between NGS and Sanger sequencing resulted in a few
minor differences in drug susceptibility interpretation, mostly for NNRTIs. Conclusions: Both the NGS
systems identified additional mutations with respect to Sanger sequencing, and the agreement between
them was fair. However, AD4SEQ should benefit from technical adjustments allowing higher sequence
coverage.

Keywords: HIV genotype; drug resistance mutations; NGS; antiretroviral

1. Introduction

In recent years, advances in antiretroviral therapy (ART) have significantly improved the life
expectancy for people living with HIV (PLWH). Indeed, several drugs targeting different steps
of the HIV-1 replication cycle are now available, with improved convenience, reduced toxicity and
higher genetic barrier, while several other investigational antiretro-virals have shown
promising results in clinical trials [1]. Despite these improvements, all the currently available
drugs, including those belonging to the newer classes, are at risk of losing their full efficacy due
to emergence of resistance mutations, thus compromising the success of long-term therapy [2].
Indeed, real-world evidence shows that even the second-generation integrase inhibitor
dolutegravir, which is recommended by the WHO as the preferred drug for first-line and
second-line ART in all populations due to its high genetic barrier to resistance [3], can occasionally
lead to the selection of resistance mutations within integrase, particularly in the presence of
nucleoside reverse transcriptase inhibitor resistance [4]. For these reasons, the international
guidelines recommend the execution of HIV-1 genotypic tests on viral RNA to evaluate
transmitted and acquired drug resistance at HIV diagnosis and at treatment failure, respectively
(EACS guidelines v12.0).
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Dideoxynucleoside Sanger sequencing has been the standard method for HIV-1 drug
resistance testing in clinical settings over the last two decades [5]. Despite widespread use and
clinical effectiveness, Sanger sequencing identifies the predominant HIV-1 quasispecies but fails to
detect mutations occurring at frequencies lower than 20–30% of the viral population [6].
This limitation has been overcome with the advent of next-generation sequencing (NGS).
NGS can detect mutations that occur at frequencies lower than 5% with an accuracy greater
than 99% [7]. NGS includes different applications that allow the sequencing of specific genomic
fragments as well as of the whole virus genome [8]. Thus, most laboratories are transitioning
from Sanger sequencing to NGS for HIV-1 genotypic drug resistance testing. While NGS
platforms and chemistry are evolving at a fast pace, Illumina NGS technology, based on
sequencing by synthesis, has gained widespread popularity due to low error rates [9] and high
throughput with a relatively simple workflow at a reasonable cost [10]. However, until a few
years ago, most NGS platforms were certified for research use only and thus were not suitable
for clinical diagnostic applications. Recently,
three NGS systems have been approved by the FDA for HIV-1 genotypic resistance testing in a
diagnostic setting: the Sentosa® SQ HIV Genotyping Assay by Vela Diagnostics (The Kendall,
Singapore), the DeepChek® Assay HIV-1 Full PR/RT/INT Drug Resistance system by ABL
Diagnostics (Woippy, France) and the AD4SEQ HIV-1 Solution v2 by Arrow Diagnostics (Genoa,
Italy). While the Sentosa® assay is based on Ion Torrent technology (PMID: 35269868), both the
assays by Arrow Diagnostics and ABL Diagnostics are based on Illumina technology. The aim of this
study was to compare the sensitivity of the latter two NGS methods in identifying resistance-
associated mutations (RAMs) detected by Sanger sequencing in clinical HIV-1 samples.

2. Materials and Methods
2.1. Samples

Access to residual anonymised plasma samples derived from clinical practice was initially
obtained through patients’ informed consent as approved by the local Ethics Com-mittee at the
University Hospital of Siena. A total of 27 HIV-1 viremic plasma samples with a previous
Sanger sequencing-based genotypic resistance test performed at the Micro-biology and Virology
Unity of the University Hospital of Siena, Italy, were selected. All samples had at least one RAM
to protease inhibitors (PIs), nucleoside and non-nucleoside reverse transcriptase inhibitors
(NRTIs and NNRTIs) or integrase inhibitors (INIs). The viral load of each sample was available
as quantified by the Cobas® 6800 system (Roche Diagnostic, Basel, Switzerland) for routine
testing.

2.2. HIV-1 RNA Extraction and Amplification

Viral RNA was extracted from 1 mL of plasma with the eMAG automated system
(bioMérieux, Craponne, France). HIV-1 RNA extracts were reverse-transcribed with the
ImProm-II Reverse Transcriptase (Promega, Madison, WI, USA). Two consecutive PCR
reactions (outer and inner PCR, Table 1) were performed to amplify the reverse transcriptase (RT,
amino acids 1-400), the whole protease (PR) and the whole integrase (IN) coding regions. The
outer PCR included 5 µL of cDNA, 10 µL of 5× Colourless GoTaq® Flexi buffer (Promega,
Madison, WI, USA), 2.5 mM MgCl , 80 µM dNTPs, 3 pmol of primers (Table 1), 1 U of GoTaq® Flexi
DNA Polymerase (Promega, Madison, WI, USA) and sterile DNAse-/RNAse-free water to a final
volume of 50 µL. The thermal profile included a denaturation step of 4 min at 95 ◦C followed
by 5 cycles of 56 ◦C for 30 s, 68 ◦C for 2 min and 95 ◦C for 40 s, 25 cycles of 54 ◦C for 30 s, 68 ◦C for 2
min and 95 ◦C for 40 s and then two final steps at 54 ◦C for 1 min and 68 ◦C for 8 min. A total of 2
µL of the outer PCR mixture was used as the template for the nested PCR including 6 µL of 5×
Green GoTaq® Flexi Buffer, 2.5 mM MgCl2, 80 µM dNTPs, 3 pmol of primers (Table 1), 1 U of
GoTaq® Flexi DNA Polymerase and sterile DNAse-/RNAse-free water to a final volume of 30 µL.
The thermal profile included a denaturation step of 4 min at 95 ◦C, followed by 5 cycles of 56 ◦C
for 30 s, 68 ◦C for 2 min and 95 ◦C for 40 s, 30 cycles of 54 ◦C for 30 s, 68 ◦C for 2 min
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and 95 ◦C for 40 s and then two final steps at 54 ◦C for 1 min and 68 ◦C for 8 min. A total of 5 µL of the
inner PCR was loaded onto a 1.5% Seakem agarose gel and was run at 6 V/cm for 50 min, and the
presence of expected bands was checked under a transilluminator after gel staining with
GelRed dye solution (Biotium, Fremont, CA, USA). The amplicons obtained were used both for
Sanger sequencing and for the homemade amplicon-based NGS protocol.

Table 1. Primers used to amplify the protease, reverse transcriptase (amino acid 1–400) and integrase coding
regions for Sanger sequencing and homemade NGS. _F, forward primer; _R, reverse primer; PR, protease; RT,
reverse transcriptase; IN, integrase.

Primer

P534_F
P1069_R

P688_F
P689_R

P535_F
P1070_R

P690_F
P691_R

Sequence (5′-3′)

AAAARGGYTGTTGGAAATGTGG
TCCCAYTCAGGAATCCAGGT

CATGGGTACCAGCACACAAAGG
CCCAAATGCCAGTCTCTTTCTCCTG

GARAGRCAGGCTAATTTTTTAGGGA
AATCCAGGTRGCYTGCCAATA

AGGRATTGGAGGAAATGAACA
GGGATGTGTACTTCTGAACTTA

Target Region

PR-RT

IN

PR-RT

IN

HIV-1 HXB2
Coordinates

2018–2039
3774–3793

4150–4171
5261–5285

2071–2095
3762–3782

4169–4189
5192–5213

PCR Round

Outer

Outer

Inner

Inner

2.3. Sanger Sequencing

All sequencing reactions were performed on a 3500xL Dx Genetic Analyzer (Applied
Biosystems, Waltham, MA, USA). PCR amplicons (PR-RT and IN) were diluted to a final
concentration of 1–3 ng/µL; then, 10 µL was purified by adding 2 µL of ExoSAP-IT for PCR Product
Clean-Up (Affymetrix, Santa Clara, CA, USA) at 37 ◦C for 15 min, followed by an inactivation step at
80 ◦C for 15 min. Each sequencing reaction included 3 µL of purified PCR product, 3.2 pmol of
sequencing primer (Table 1), 2 µL of BigDye® Terminator v1.1 Ready Reaction Mix (Life
Technologies, Waltham, MA, USA), 1 µL of 5× Sequencing Buffer and sterile DNAse-/RNAse-free
water, giving a final volume of 10 µL. The thermal cycler profile for this reaction included an
initial denaturation step at 94◦ for 4 min, followed by 25 cycles at 50 ◦C for 1 min, 68 ◦C for 4 min,
and 94 ◦C for 1 min. Sequencing reactions were treated with the X-Terminator® Purification kit
(Applied Biosystems, Waltham, MA, USA) in a 96-well plate as suggested by the manufacturer
and loaded into a capillary electrophoresis sequencer. Chromatograms were assembled and
edited with the DNAStar 7.1.0 SeqMan module to generate the FASTA files that were submitted
to the Stanford online HIVdb system (https://hivdb.stanford.edu/; accessed on 1 August
2024) for the interpretation of RAMs.

2.4. Homemade Amplicon-Based NGS

Amplicons (Table 1) were obtained as described above for Sanger sequencing, purified with
the Agencourt® AMPure® magnetic beads (Beckman Coulter, Brea, CA, USA), quanti-fied with the
Qubit fluorometer in dsDNA HS Buffer (Qiagen, Venlo, The Netherlands) and diluted to a final
concentration of 0.8 ng/µL. PR-RT and IN amplicons derived from the same sample were pooled
together for the subsequent steps. Tagmentation was performed with the Nextera® XT DNA
Library Preparation Kit (Illumina, San Diego, CA, USA), ac-cording to the manufacturer’s
instructions. Tagmented samples were indexed with IDT for Illumina DNA/RNA UD Indexes
(Illumina, San Diego, CA, USA) and pooled together to obtain the library that was diluted to a
final concentration of 9 pM. The library was then spiked-in with 10% 9 pM PhiX control library
(Illumina, San Diego, CA, USA), loaded on a Nano MiSeq Reagent Kit v2 (2 ×  250 bp paired-end
reads, 8.5 Gb output, Illumina, San Diego, CA, USA) and run on an Illumina MiSeq instrument.
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2.5. AD4SEQ HIV-1 Solution v2 Kit

The RNA extracts were obtained as described above and, according to the AD4SEQ HIV-1
Solution v2 protocol (Arrow Diagnostic, Genoa, Italy), samples with viremia above 20,000 HIV-1
RNA copies/mL were five-fold diluted in sterile DNase-/RNase-free wa-ter. Then, one-step
RNA reverse transcription was performed, followed by amplifica-tion of the target regions
in two separate PCRs, defined as Target PCR. Target PCR amplifies the following regions of
the HIV-1 genome: PR (codons 1–99), RT (codons 1–440), IN (codons 1–289) and gp120 (codons
266–366). Once the reaction was completed, amplification products were visualised by
electrophoresis. Then, for each sample, the two separated Target PCR reactions were
combined in a single tube and purified with magnetic beads (Agentcourt® AMPure®

magnetic beads, Beckman Coulter, Brea, CA, USA). Individual samples were indexed using the
index adaptors provided by the kit (Index PCR), purified as described above, and
amplification was checked again by elec-trophoresis. The concentration of each purified
Index PCR was determined with the Qubit fluorometer in dsDNA HS Buffer (Qiagen, Venlo,
The Netherlands), and the mo-larity of each sample was calculated using the following
formula: sample concentration [nM] = (sample concentration [ng/µL] ×  106)/(656.6 ×
AMPpb), where AMPbp is the av-erage length of the amplicons in base pairs. After
quantification, each sample was diluted to 20 pM, and 3 µL was pooled in the library. After
purification, the library was diluted to a final concentration of 9 pM and spiked-in with 20% of 9
pM PhiX control library (Illumina, San Diego, CA, USA), loaded on a Nano MiSeq Reagent Kit v2 (2 ×
250 bp paired-end reads, 8.5 Gb output, Illumina, San Diego, CA, USA) and run on an Illumina
MiSeq instrument.

2.6. HIV-1 Subtyping and Drug Resistance Interpretation

The assignment of HIV-1 subtypes was performed by the COMET HIV-1 tool [11]. NGS
data generated by AD4SEQ were analysed both with the dedicated SmartVir software version 1.0.6
provided by Arrow Diagnostics (AD4SEQ-SmartVir) and by the online HIVdb Drug Resistance
Database system (AD4SEQ-HIVdb) (Stanford University; https://hivdb. stanford.edu/; accessed
on 1 August 2024). NGS data generated by the homemade system were analysed only by HIVdb.
The FASTA files obtained from Sanger sequencing were analysed directly,
while the FASTQ files obtained from NGS were first converted to CodFreq
files and then analysed to detect RAMs. The CodFreq files list the frequency of the mutations of
each nucleotide triplet within the sequenced region. For the analysis of FASTQ files, the
minimum read depth parameter was set at >100 reads per position with a mutation detection
threshold of 5%, both for SmartVir and for HIVdb, independently of whether the position was
associated with drug resistance or not. The Stanford HIVdb 9.6 algorithm was used to infer drug
susceptibility from the RAMs identified by the two NGS systems and by Sanger sequencing.
Mutations were defined as RAMs when associated with a score for at least one drug or included
in a combination rule changing the score for at least one drug in the HIVdb 9.6 algorithm.
Agreement among the RAMs reported by the different systems was qualitatively defined when
identical RAMs were reported.

2.7. Statistical Analysis

Continuous variables were reported as median and interquartile ranges (IQRs). The
difference in proportions was analysed by a chi-square test followed by a post hoc z test with
the Bonferroni adjustment for multiple comparisons. The difference between numerical values
obtained with paired samples were analysed by a Wilcoxon signed-rank test. All the analyses
were performed using the SPSS version 20 package (IBM Corp., Armonk, NY, USA).
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3. Results
3.1. Samples Included in This Study

All the 27 plasma samples included in this study (Table 2) had detectable viremia with a
median viral load of 4.9 log [IQR 4.6–5.2] HIV-1 RNA copies/mL. Subtype B was identified in 16
(59%) cases and CRF02_AG in 4 (15%).

Table 2. Subtype and viral load of the 27 plasma samples included in this study.

Sample Subtype

5826 B 5974
F1 6003                                       CRF02_AG
6006                                               F1 6084

B 6092
B 6107
B 6216
B 6222
B 6322

A6 6363 B 6408
B 6436

CRF02_AG 6471 B 6493
CRF01_AE 6570 B 6592

C 6669
CRF02_AG 6695 B 6750

B 6762
B 6813
B 6817
B 6835
B 6880

F1 7312 G
7347                                       CRF02_AG

HIV-1 RNA log10
Copies/mL 4.3

4.9                    3.1
6.0                    4.9
4.9                    4.6
4.8                    6.3
5.4                    4.8
4.9                    4.8
3.7                    5.1
4.1                    4.5
5.0                    4.7
5.3                    3.1
5.0                    5.4
4.3                    6.3
4.8                    5.9

3.2. Comparison Between Homemade NGS and AD4SEQ: Identification of Drug Resistance Mutations

The RAMs reported by the two different data processing methods, SmartVir for the
data generated by the AD4SEQ HIV-1 Solution v2 Kit, and HIVdb for Sanger and homemade
NGS, are listed in Supplementary Table S1. RAMs to PIs, NRTIs, NNRTIs and INIs were detected in
6, 18, 20 and 6 samples, respectively, by at least one method (Table 3). Homemade NGS and
AD4SEQ-SmartVir identified additional mutations with respect to Sanger sequencing in 12/27
and 9/27 samples, respectively.

Agreement between the NGS methods and Sanger sequencing for PIs was observed in 24/27
cases (88.9%). In two cases (samples 5826 and 6570), both NGS methods detected additional
RAMs with respect to Sanger sequencing. In one sample (6813), homemade NGS was more
sensitive in detecting additional RAMs with respect to Sanger sequencing and AD4SEQ-SmartVir.

With NRTIs, complete agreement among the NGS methods and Sanger sequencing was
observed in only 18/27 (66.6%) cases. In three cases (samples 5826, 5974 and 7312), homemade
NGS-HIVdb reported additional mutations with respect to AD4SEQ-SmartVir and Sanger
sequencing, while in one case (sample 7312), AD4SEQ-SmartVir detected an additional mutation
with respect to homemade NGS and Sanger sequencing. However, in four cases (samples 6003,
6006, 6436 and 6493), Sanger sequencing and homemade NGS-HIVdb gave comparable results,
and AD4SEQ-SmartVir did not report the S68G mutation. Differently from Sanger sequencing
and AD4SEQ-SmartVir, homemade NGS
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failed to identify mutations D67N and K219E in sample 6471. Agreement between the NGS
methods with respect to Sanger sequencing was observed only in one case (sample 6835). A
strong discordance among the three methods was observed in sample 7312. Indeed, Sanger
sequencing detected the D67N, T69G and K219Q mutations, homemade NGS-HIVdb reported
mixed populations at codon 67 (D67∆N), the additional mutation S68G and a deletion at
position 69, while AD4SEQ-SmartVir reported a combination of mutations at position
D67(N/E) and the T69N/G mutation.

Table 3. Drug resistance mutations to (A) PIs (protease inhibitors), (B) NRTIs (nucleoside reverse
transcriptase inhibitors) and NNRTI (non-NRTI) and (C) INI (integrase inhibitors) identified. The table lists
the samples in which RAMs were detected by at least one of the three sequencing methods, highlighted in
bold. The frequency of each mutation identified by NGS is shown in brackets.

(A)

Sample

5826

5979

6084

6092

6408

6570

6813

(B)

Sequencing System and
Data Processing Method

Sanger-HIVdb

Homemade NGS-HIVdb

AD4SEQ-SmartVir

Sanger-HIVdb Homemade

NGS-HIVdb AD4SEQ-

SmartVir Sanger-HIVdb

Homemade NGS-HIVdb

AD4SEQ-SmartVir Sanger-

HIVdb Homemade NGS-

HIVdb AD4SEQ-SmartVir

Sanger-HIVdb Homemade

NGS-HIVdb AD4SEQ-

SmartVir Sanger-HIVdb

Homemade NGS-HIVdb

AD4SEQ-SmartVir Sanger-

HIVdb Homemade NGS-

HIVdb

AD4SEQ-SmartVir

PIs

V32I, L33F, M46I, I47V, I54M, Q58E, T74TP

V32I (99%), L33F (99%), M46I (99%), I47V (99%), I50V (29%), I54M (99%), Q58E (99%),
T74P (27%)

V32I (99%), L33F (99%), M46I (99%), I47V (99%), I50V (24%), I54M (99%), Q58E (99%),
T74P (45%)

L33F, I84V

L33F (98%), I54T (10%), I84V (98%) L33F

(98%), I84V (98%)             L10F, M46I,

T74P

L10F (98%), M46I (99%), T74P (64%) L10F

(98%), M46I (98%), T74P (69%) L90M

L90M (98%)                               L90M

(99%)

L33F, M46L, L90M

L33F (99%), M46L (99%), L90M (98%) L33F

(98%), M46L (97%), L90M (99%) None

K20T (14%)

K20T (9.6%)

Q58E

Q58E (99%), G73S (7.3%)

Q58E (98%)

Sample

5826

Sequencing System and
Data Processing Method

Sanger-HIVdb

Homemade NGS-HIVdb

AD4SEQ-SmartVir

NRTIs

K70T, M184V

K70T (78%), V75I (6.5%),
M184V (96%)

K70T (70%), M184V (99%)

NNRTIs

None

None

None



Viruses 2024, 16, 1465 7 of 16

Table 3. Cont.

Sanger-HIVdb

5974 Homemade NGS-HIVdb

AD4SEQ-SmartVir

Sanger-HIVdb

5979 Homemade NGS-HIVdb

AD4SEQ-SmartVir

Sanger-HIVdb

6003 Homemade NGS-HIVdb

AD4SEQ-SmartVir

Sanger-HIVdb

6006 Homemade NGS-HIVdb

AD4SEQ-SmartVir

Sanger-HIVdb

6084 Homemade NGS-HIVdb

AD4SEQ-SmartVir

Sanger-HIVdb

6092
Homemade NGS-HIVdb

AD4SEQ-SmartVir

Sanger-HIVdb

6107 Homemade NGS-HIVdb

AD4SEQ-SmartVir

Sanger-HIVdb

6216 Homemade NGS-HIVdb

AD4SEQ-SmartVir

Sanger-HIVdb

6222 Homemade NGS-HIVdb

AD4SEQ-SmartVir

Sanger-HIVdb

6322 Homemade NGS-HIVdb

AD4SEQ-SmartVir

Sanger-HIVdb

6363 Homemade NGS-HIVdb

AD4SEQ-SmartVir

Sanger-HIVdb

6408 Homemade NGS-HIVdb

AD4SEQ-SmartVir

Sanger-HIVdb

6436 Homemade NGS-HIVdb

AD4SEQ-SmartVir

S68G

S68G (99%), K219Q (7.1%)

None

M41L, D67N, T215Y

M41L (99%), D67N (95%), T215Y
(91%)

D67N (98%), T215Y (88%)

S68G, M184V

S68G (99%), M184V (99%)

M184V (98%)              S68G

S68G (99%)

None

D67N, T215C D67N

(92%), T215C (97%) D67N

(98%), T215C (97%)

M41ML, M184V, T215TNSY

M41L (28%), M184V (97%), T215Y
(23%)

M41L (36%), M184V (97%), T215Y
(13%)

K219N K219N

(99%) K219N

(98%) M41L,

T215D

M41L (97%), T215D (98%)

M41L (94%), T215D (90%)

None                         None

None                         None

None                         None

M184V

M184V (92%)

M184V (98%)

T215V T215V

(95%) T215V

(98%) S68G

S68G (85%)

None

K103N, N348I

K103N (99%), V106I (10%), N348I (99%)

K103N (99%), N348I (99%)           K103N,

Y181I

K103N (97%), Y181I (97%)

K103N (99%), Y181I (90%)

K103N, K238N

K103N (98%), K238N (99%)

K103N (95%), K238N (96%)

K103N, N348I

K103N (98%), N348I (98%)

K103N (99%), N348I (99%)

None                          None

None                          None

None

None

Y181C Y181C

(98%) Y181C

(99%) None

None    None

V106I, G190A V106I

(91%), G190A (99%) V106I

(92%), G190A (98%)

E138A, G190GS E138A

(90%), G190S (41%) E138A

(89%), G190S (38%)

V106A, F227L V106A

(97%), F227L (93%) V106A

(97%), F227L (97%)

None

None

None

K103N

K103N (98%), K238T (7.8%), N348I (6.8%)

K103N (99%)
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Table 3. Cont.

Sanger-HIVdb

6471 Homemade NGS-HIVdb

AD4SEQ-SmartVir

Sanger-HIVdb

6493 Homemade NGS-HIVdb

AD4SEQ-SmartVir

Sanger-HIVdb

6570 Homemade NGS-HIVdb

AD4SEQ-SmartVir

Sanger-HIVdb

6592 Homemade NGS-HIVdb

AD4SEQ-SmartVir

Sanger-HIVdb

6669 Homemade NGS-HIVdb

AD4SEQ-SmartVir

Sanger-HIVdb

6695 Homemade NGS-HIVdb

AD4SEQ-SmartVir

Sanger-HIVdb

6750 Homemade NGS-HIVdb

AD4SEQ-SmartVir

Sanger-HIVdb

6762
Homemade NGS-HIVdb

AD4SEQ-SmartVir

Sanger-HIVdb

6813 Homemade NGS-HIVdb

AD4SEQ-SmartVir

Sanger-HIVdb

6817 Homemade NGS-HIVdb

AD4SEQ-SmartVir

Sanger-HIVdb

6835 Homemade NGS-HIVdb

AD4SEQ-SmartVir

M41L, D67N, M184V, L210W,
T215Y, K219KE

M41L (98%), M184V (98%), L210W
(98%), T215Y (95%)

M41L (98%), D67N (19%), M184V
(91%), L210W (98%), T215Y (92%),

K219E (9%)

D67G, S68G, K70R, M184V, T215I,
K219E

D67G (99%), S68G (97%), K70R (98%),
M184V (98%), T215I (87%), K219E

(78%)

D67G (98%), K70R (99%), M184V
(92%), K219E (87%)

M41L, M184MV M41L

(44%), M184V (43%) M41L

(66%), M184V (70%)

None

None

None

None

None

None

None

None

None

V75M

V75M (96%)

V75M (95%)

D67N, K219Q

D67N (90%), K219Q (98%)

D67N (92%), K219Q (98%)

None

None

None

None

None

None

L210W, T215S

M41L (30%), L210W (99%), T215DS (D:
19%, S 79%)

M41L (19%), L210W (98%), T215DS (D:
25%, S: 72%)

L100I, K103N, N348I

L100I (96%), K103N (98%), N348I (98%)

L100I (99%), K103N (97%), N348I (99%)

K103N, V108I, K238T, N348I

K103N (98%), V108I (98%), V179D (7%),
Y181C (34%), K238T (98%), N348I (98%)

K103N (98%), V108I (99%), Y181C (26%), K238T
(97%), N348I (99%)

None

None

None

E138EK

K101E (40%), E138K (23%)

K101E (13%), E138K (29%)

K103KN, V106M

K103N (75%), V106M (24%) K103N

(45%), V106M (54%), Y181C (7%)

A98G A98G

(99%) A98G

(90%) E138A

E138A (99%)

E138A (97%)

K103N, V179T, Y181C, H221Y

K103N (99%), V179T (T 76%), Y181C (98%), H221Y
(99%)

K103N (99%), V179T (T 76%), Y181C (98%), H221Y
(98%)

E138A, G190A, M230L

E138A (99%), G190A (99%), M230L (98%)

K103N (7%), E138A (92%), G190A (95%),
M230L (96%)

K103KN, V179T

K103N (67%), V106I (5.4%), V179T (99%)

K103N (69%)                                      None

None

None
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Table 3. Cont.

Sanger-HIVdb

6880 Homemade NGS-HIVdb

AD4SEQ-SmartVir

Sanger-HIVdb

Homemade NGS-HIVdb
7312

AD4SEQ-SmartVir

Sanger-HIVdb

7347
Homemade NGS-HIVdb

AD4SEQ-SmartVir

(C)

None

None

None

D67∆, T69G, K219Q

D67∆N (∆: 8.9%, N: 53%), S68G
(52%), T69∆ (93%), K219Q (96%)

D67NE (N: 8%, E: 88%), T69NG (N: 6%,
G: 89%), K219Q (96%)

None

None

None

E138G E138G

(96%) E138G

(97%) A98G,

V106I

A98G (99%), V106I (94%), Y181C (55%)

A98G (97%), V106I (98%), Y181C (66%)

K101E, Y181C, N348I

K101E (99%), V106I (16%), Y181C (99%), N348I
(99%)

K101E (99%), V106I (15%), Y181C (96%), N348I
(96%)

Sample

5979

6003

6669

6813

6835

6880

7347

Sequencing System and
Data Processing Method

Sanger-HIVdb Homemade

NGS-HIVdb AD4SEQ-

SmartVir Sanger-HIVdb

Homemade NGS-HIVdb

AD4SEQ-SmartVir Sanger-

HIVdb Homemade NGS-

HIVdb AD4SEQ-SmartVir

Sanger-HIVdb Homemade

NGS-HIVdb AD4SEQ-

SmartVir Sanger-HIVdb

Homemade NGS-HIVdb

AD4SEQ-SmartVir Sanger-

HIVdb Homemade NGS-

HIVdb AD4SEQ-SmartVir

Sanger-HIVdb Homemade

NGS-HIVdb

AD4SEQ-SmartVir

INIs

T97A, E138K, G140S, Q148H

T97A (100%), E138K (99%), G140S (99%), Q148H (99%) T97A

(94%), E138K (94%), G140S (93%), Q148H (94%) R263K

R263K (96%)                                                          R263K (98%)

None

E157Q (7.1%)

E157Q (11%)

L74M, G140S, Q148K

L74M (98%) G140S (99%), Q148K (98%) L74M

(97%), G140S (97%), Q148K (98%) None

None

L74M (10%)

Q95QK Q95K

(35%) Q95K

(36%) None

T97A (6%)

None

With NNRTIs, similar to NRTIs, 18/27 (66.7%) cases showed complete agreement across the
NGS methods and Sanger sequencing. In four cases (samples 5974, 6436, 6493 and 6817),
homemade NGS-HIVdb reported additional mutations with respect to AD4SEQ-SmartVir and
Sanger sequencing, while in two cases (samples 6669 and 6813), AD4SEQ-SmartVir reported
additional mutations with respect to homemade NGS and Sanger sequencing. Additional
mutations detected by both NGS methods but not by Sanger sequencing were observed in three
cases (samples 6592, 7312 and 7347).
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For INIs, complete agreement among all methods was observed in 24/27 cases (88.9%). In one
case (sample 6669), both NGS methods detected the minority RAM E157Q, which was not
reported by Sanger sequencing. Homemade NGS was more sensitive in detecting the additional
minority RAM T97A with respect to Sanger sequencing and AD4SEQ-SmartVir in sample
7347, while AD4SEQ-SmartVir was more sensitive than homemade NGS with sample 6835,
detecting L74M.

In conclusion, AD4SEQ-SmartVir did not report one or more RAMs detected by at least
one of the other two systems in 1 (3.7%), 7 (25.9%), 4 (14.8%) and 1 (3.7%) samples for PIs, NRTIs,
NNRTIs and INIs, respectively, while homemade NGS-HIVdb did not identify one or more RAMs
in 0, 2 (7.4%), 2 (7.4%) and 1 (3.7%) samples detected by at least one of the other two systems for
PIs, NRTIs, NNRTIs and INIs, respectively. Differently from HIVdb, AD4SEQ-SmartVir did not
report the mutation S68G and mutations identified by Sanger sequencing and homemade NGS
with a frequency >20% in one case (sample 6817). By contrast, homemade NGS-HIVdb gave a
slightly different identification of RAMs at two amino acid positions that were detected as
predominant by Sanger sequencing or with frequency >20% by AD4SEQ-SmartVir in sample 7312.

3.3. Comparison of SmartVir and HIVdb NGS Data Processing

Notably, SmartVir and HIVdb generated different outputs for read depth, i.e., median read
depth vs. max. and min. coverage, respectively (Supplementary Table S2). Other parameters,
such as the regions sequenced with a coverage depth of <100 reads per base, were instead
reported by both interpretation systems (Table 4). To compare the two NGS data processing
methods, we analysed the FASTQ files obtained by AD4SEQ both with SmartVir (AD4SEQ-SmartVir)
and with HIVdb (AD4SEQ-HIVdb). Homemade NGS generated low-
coverage data in 2/27 samples, both subtype B, in the initial part of the integrase coding region (Table
4). A coverage depth <100 was more frequent both with AD4SEQ-HIVdb (16/27 cases) and with
AD4SEQ-SmartVir (12/27) with respect to homemade NGS (2/27) (p < 0.001 and p = 0.004,
respectively) while the difference between AD4SEQ-HIVdb and AD4SEQ-SmartVir was not
statistically significant. The median read depth obtained with homemade NGS and with AD4SEQ-
HIVdb was comparable (2203 [IQR 1918–8328] reads vs. 4835 [3327–6512] reads, p = 0.148). With
AD4SEQ-SmartVir, the lower coverage affected six B and six non-B subtypes, mainly at RT codons
14–49 and 260–319 and IN codons 1–75 and 201–288.

Table 4. Regions with a coverage depth of <100 reads per base according to the NGS system and the data
processing method. There were no low-coverage regions within the protease coding regions.

Sample

5826

5974

5979

6003

NGS System and Data Processing
Method

AD4SEQ-SmartVir AD4SEQ-

HIVdb Homemade NGS-

HIVdb AD4SEQ-SmartVir

AD4SEQ-HIVdb

Homemade NGS-HIVdb

AD4SEQ-SmartVir AD4SEQ-

HIVdb Homemade NGS-

HIVdb AD4SEQ-SmartVir

AD4SEQ-HIVdb

Homemade NGS-HIVdb

Region and Relative Amino Acids
with Coverage < 100×

RT 14–49

RT 14–49

IN 1–25

IN 201–284

IN 201–288

None

RT 14–49, 223–235/IN 1–75, 201–284 RT

14–49, 223–235/IN 1–75, 201–288 None

RT 260–275

RT 260–319

None
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Table 4. Cont.

Sample

6084

6107

6216

6222

6363

6408

6436

6471

6493

6592

6880

7312

7347

NGS System and Data Processing
Method

AD4SEQ-SmartVir AD4SEQ-

HIVdb Homemade NGS-

HIVdb AD4SEQ-SmartVir

AD4SEQ-HIVdb

Homemade NGS-HIVdb

AD4SEQ-SmartVir AD4SEQ-

HIVdb Homemade NGS-

HIVdb AD4SEQ-SmartVir

AD4SEQ-HIVdb

Homemade NGS-HIVdb

AD4SEQ-SmartVir AD4SEQ-

HIVdb Homemade NGS-

HIVdb AD4SEQ-SmartVir

AD4SEQ-HIVdb

Homemade NGS-HIVdb

AD4SEQ-SmartVir AD4SEQ-

HIVdb Homemade NGS-

HIVdb AD4SEQ-SmartVir

AD4SEQ-HIVdb

Homemade NGS-HIVdb

AD4SEQ-SmartVir AD4SEQ-

HIVdb Homemade NGS-

HIVdb AD4SEQ-SmartVir

AD4SEQ-HIVdb

Homemade NGS-HIVdb

AD4SEQ-SmartVir AD4SEQ-

HIVdb Homemade NGS-

HIVdb AD4SEQ-SmartVir

AD4SEQ-HIVdb

Homemade NGS-HIVdb

AD4SEQ-SmartVir AD4SEQ-

HIVdb

Homemade NGS-HIVdb

Region and Relative Amino Acids
with Coverage < 100×

None IN

201–209

None

IN 1–10, 66–75, 159–171 IN

1–11, 66–75       None

RT 260–319

RT 260–319

IN 1–39 IN

1–75 IN 1–

75 None

RT 260–275; IN 201–284 IN

201–288             None

None

IN 201–288

None None

RT 260–319, 359

None

RT 260–319

RT 260–319

None

RT 260–319

RT 260–319

None

IN 1–31, 66–75

IN 1–75    None

IN 74–75

IN 73–75

None

RT 14–49

RT 14–49

None

None

RT 35–49

None

RT, reverse transcriptase; IN, integrase.
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Disagreement between RAMs reported by SmartVir and HIVdb when processing AD4SEQ
FastQ files was observed in 10 samples (37.0%; Table 5). HIVdb reported one additional PI RAM
in one case. For NRTIs, 1 mutation was reported by SmartVir and not by HIVdb, while 8 mutations
were reported by HIVdb and not by Smartvir, including S68G in 6/8 cases. For NNRTIs, two
mutations at position V179 were reported by HIVdb but not by SmartVir.

Table 5. Discordant report of drug resistance mutations between SmartVir and HIVdb interpretation tools
from FASTQ files generated by the AD4SEQ sequencing method. Mutations in bold are those reported by
only one interpretation tool. The frequency of each mutation is shown in brackets. There were no discordant
cases with integrase inhibitor resistance mutations.

Sample

5974

6003

6006

6436

6471

6493

6817

6835

6880

7312

Data Processing
Method

SmartVir

HIVdb

SmartVir

HIVdb

SmartVir

HIVdb

SmartVir

HIVdb

SmartVir

HIVdb

SmartVir

HIVdb

SmartVir

HIVdb

SmartVir

HIVdb

SmartVir

HIVdb

SmartVir

HIVdb

PIs

None

None

None

None

None

None

None

None

None

None

None

None

None

None

None

M46I (5%)

None

None

None

None

NRTIs

None

S68G (98%)

M184V (98%)

S68G (91%), M184V (98%)

None

S68G (98%)

None

S68G (81%)

M41L (98%), D67N (19%), M184V (91%),
L210W (98%), T215Y (92%), K219E (9%)

M41L (99%), E44A (15%), D67N (19%),
M184V (92%), L210W (97%), T215Y (95%),

K219E (11%)

D67G (98%), K70R (99%), M184V (92%), T215I
(94%), K219E (87%)

D67G (97%), S68G (98%), K70R (99%),
M184V (93%), T215I (96%), K219E (89%)

None

None

M41L (19%), L210W (98%), T215DS (D: 25%,
S: 72%)

M41L (19%), L210W (99%), T215DS (D: 25%,
S: 73%)

None

None

D67NE (N: 8%, E: 89%), T69NG (N: 6%, G:
89%), K219Q (96%)

D67∆N (∆: 8%, N: 51%), S68G (8%),
T69NG (N: 6%, G:88%), K219Q (98%)

NNRTIs

K103N (99%), N348I (99%)

K103N (99%), N348I (99%)

K103N (95%), K238N (96%)

K103N (93%), K238N (96%)

K103N (99%), N348I (99%)

K103N (99%), N348I (99%)

K103N (99%)             K103N

(99%)

L100I (99%), K103N (97%),
N348I (99%)

L100I (99%), K103N (97%),
N348I (100%)

K103N (98%), V108I (99%),
Y181C (26%), K238T (97%),

N348I (99%)

K103N (99%), V108I (98%),
Y181C (25%), K238T (94%),

N348I (100%)

K103N (69%) K103N

(69%), V179T (94%)

None

None

E138G (97%) E138G

(96%), V179T (6%)

A98G (97%), V106I (98%),
Y181C (66%)

A98G (97%), V106I (98%),
Y181C (68%)

PIs, protease inhibitors; NRTIs, nucleoside reverse transcriptase inhibitors; NNRTI, non-NRTI.

3.4. Prediction of Drug Susceptibility

Table 6 shows the impact of the RAMs not reported uniformly by the four methods (Sanger
sequencing, homemade NGS, AD4SEQ-SmartVir and AD4SEQ-HIVdb) on the prediction of drug
susceptibility. Globally, drug susceptibility predictions were fully
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concordant in 20/27 (74.1%) samples for all the drugs considered, including PIs (Atazanavir, ATV;
Lopinavir, LPV; and Darunavir, DRV), NRTIs (Abacavir, ABC; Tenofovir Alafenamide, TAF; and
Lamivudine/Emtricitabine, 3TC/FTC), NNRTIs (Doravirine, DOR; Rilpivirine, RPV; Etravirine, ETR;
Efavirenz, EFV; and Nevirapine, NVP) and INIs (Dolutegravir, DTG; Bictegravir, BIC; and
Cabotegravir, CAB).

Table 6. Discordant cases of predicted drug susceptibility according to the sequencing system and to the data
processing method.

Sample Sequencing System and Data
Processing Method

PIs
ATV LPV DRV ABC

NRTIs NNRTIs
TAF 3TC/FTC DOR    RPV ETR EFV

INIs
NVP DTG BIC CAB

5979

6471

6493

6592

6669

6835

7312

7347

Sanger-HIVdb Homemade
NGS-HIVdb AD4SEQ-

SmartVir AD4SEQ-HIVdb
Sanger Sequencing

Homemade NGS AD4SEQ-
SmartVir AD4SEQ-HIVdb

Sanger Sequencing
Homemade NGS AD4SEQ-
SmartVir AD4SEQ-HIVdb

Sanger Sequencing
Homemade NGS AD4SEQ-
SmartVir AD4SEQ-HIVdb

Sanger Sequencing
Homemade NGS AD4SEQ-
SmartVir AD4SEQ-HIVdb

Sanger Sequencing
Homemade NGS AD4SEQ-
SmartVir AD4SEQ-HIVdb

Sanger Sequencing
Homemade NGS AD4SEQ-
SmartVir AD4SEQ-HIVdb

Sanger Sequencing
Homemade NGS AD4SEQ-
SmartVir AD4SEQ-HIVdb

R I LLR I I
R I LLR I I
R I LLR      LLR      LLR R I

LLR      LLR      LLR S S
S          R          R S S           S
R I
S S S R R
S S S R R
S S S           I         LLR SS

S           I         LLR S S
S           I         LLR S S
S           I         LLR S S
S S S S S
S S S S S
S S S S S
S S S S S
S S S S S
S S S S S
S S S S S
S S S S S
S S S S S
S        LLR      LLR S S
S        LLR      LLR

PLLR    PLLR S LLR LLR S
S S           I           I S
S S           I           I S
S S LLR LLR S
S S           I           I S
S S           S           S SS
S           S           S S S S

S           S S S S           S
S

S PLLR R R R R R R R
S PLLR R R R R R R R
S PLLR R R R R R R R
S PLLR R R R R R R R
R             I R             I R R S S S R             I

R             I R R S S S R             I R
I R R S S S R             I R             I

R R S S S R PLLR S S
R R S S S R             I            I              I R
R S S S R             I            I              I R R
S S S R             I            I              I R R S
S S S             S           I         PLLR       PLLR       PLLR S S
S S LLR R          LLR          LLR            I S S S

S LLR R          LLR          LLR            I S S S S
LLR R          LLR          LLR            I S S S S             I
S S R R S S S S             I
S S R R S S S S             I

I             I R R S S S S             I           I
I R R S S S S             S S S

S S S S S S             S S S
S S S S S

S             S           S             S              S              S             S           S        PLLR S             S           S
S              S              S             S           S        PLLR

LLR        LLR      LLR        LLR          LLR            I             S           S           S I             I
R             I               I               R            S           S           S S             I           R             I
I               R            S           S           S LLR           I           R             I               I               R

S           S           S S          LLR        R             I               I               R            S           S           S
S             I           R             I               I               R            S           S           S S             I
R             I               I               R            S           S           S S             I           R             I

I               R            S           S           S

PIs, protease inhibitors; NRTIs, nucleoside reverse transcriptase inhibitors; NNRTI, non-NRTI; INIs, integrase inhibitors;
ATV, atazanavir; LPV, lopinavir; DRV, darunavir; ABC, abacavir; TAF, tenofovir alafenamide; 3TC, lamivudine; FTC,
emtricitabine; DOR, doravirine; RPV, rilpivirine; ETR, etravirine; EFV, efavirenz; NVP, nevirap-ine; DTG, dolutegravir; BIC,
bictegravir; CAB, cabotegravir; S, full susceptibility (green); PLLR, potential low-level resistance (yellow); LLR, low-level
resistance (light orange); I, intermediate resistance (orange); R, high-level resistance (red).

Homemade NGS gave discordant results with respect to AD4SEQ-SmartVir in two samples
for NRTIs (6471 and 7312) and in one sample each for NNRTIs (6669) and for INIs (6835). AD4SEQ-
SmartVir and AD4SEQ-HIVdb gave discordant results in one sample each for PI (ATV and LPV for
6835) and for NRTIs (ABC, TAF and 3TC/FTC for 7312).

Considering Sanger sequencing as a reference, homemade NGS was in agreement with
Sanger sequencing for susceptibility predictions against all INIs and PIs but gave discordant
predictions in 4/81 (4.9%) cases for NRTIs (6471 and 7312 for one drug and 6835 for two drugs) and in
14/135 (10.4%) cases for NNRTIs (6592 and 7312 for five drugs, 6493 for three drugs and 7347 for one
drug). AD4SEQ-SmartVir was discordant with Sanger sequencing in 3/81 (3.7%) cases for NRTIs
(7312 for three drugs), in 16/135 (11.9%) cases for NNRTIs (6592 and 7312 for five drugs, 6493 for three
drugs, 6669 for two drugs and 7347 for one drug) and in 1/81 (1.2%) cases for INIs (6835). AD4SEQ-
HIVdb gave discordant susceptibility predictions in 1/81 (1.2%) cases for PIs and INIs (6835 in both
cases), and in 16/135 (11.9%) samples for NNRTIs (6592 and 7312 for five drugs, 6493 for three drugs,
6669 for two drugs and 7347 for one drug). Notably, most of the discrepancies between either NGS
method and Sanger sequencing were explained by a lack of detection of minority RAMs (<20%)
by Sanger sequencing, namely, in 10 (37.0%), 7 (25.9%) and 9 (33.3%) out of 27 cases with homemade
NGS, AD4SEQ-SmartVir and AD4SEQ-HIVdb, respectively.
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4. Discussion

NGS has redefined genome sequencing techniques, and HIV-1 genotyping has been an early NGS
application in the field of infectious diseases with the aim of identifying minority RAMs that
cannot be detected by Sanger sequencing [12]. Since NGS is more diversified and complex than
Sanger sequencing, standardisation plays a key role in the transition from Sanger sequencing to
NGS in clinical settings. Indeed, recent progress in HIV-1 NGS has led to the CE-IVD certification of
some commercial systems, including the Sentosa® SQ HIV Genotyping Assay developed by Vela
Diagnostics, the AD4SEQ HIV-1 Solution v2 developed by Arrow Diagnostics and the DeepChek®

Assay HIV-1 Full PR/RT/INT Drug Resistance developed by ABL Diagnostics.
Due to the limits of the Sentosa® SQ HIV kit—based on the Ion Torrent platform that is

more error prone and expensive than the small footprint Illumina platforms [13]—and the
slow introduction of the DeepChek® HIV Assay in Italy, the AD4SEQ HIV-1 Solution v2 is
currently the most widely used system in Italy. However, to our knowledge, there are no
published studies evaluating the AD4SEQ HIV-1 Solution v2 kit in comparison with other NGS-
based HIV-1 genotyping techniques or with the reference Sanger sequencing. In this work, we
compared Sanger sequencing, AD4SEQ and a homemade amplicon-based NGS protocol to analyse
a panel of 27 plasma samples derived from routine analysis. For both NGS methods, we used an
Illumina MiSeq platform. The NGS reads generated by the homemade and AD4SEQ systems
were processed by the Stanford HIVdb online tool for sequence reads and by the SmartVir
system bundled with AD4SEQ, respectively. In addition, AD4SEQ NGS reads were also
processed by HIVdb to compare the output of HIVdb and SmartVir on the same raw data
(AD4SEQ-HIVdb vs. AD4SEQ-SmartVir). For both the NGS systems and Sanger sequencing, the
RAMs detected were interpreted by the HIVdb 9.6 algorithm.

Overall, the Sanger sequencing and NGS results were more concordant for PI and INI than for
NRTI and NNRTI RAMs. A higher proportion of additional PI and NRTI RAMs was detected by
homemade NGS compared with AD4SEQ-SmartVir. Notably, in 14.8% of the samples, AD4SEQ-
SmartVir did not report resistance mutations against NRTIs, which were also detected by Sanger
sequencing. Most of these discrepancies were due to the missing S68G in the RT coding region.
This mutation was correctly reported when the AD4SEQ data were analysed with the Stanford
HIVdb system, indicating that some settings in the SmartVir pipeline likely led to the exclusion of
this polymorphic mutation in the final report. Indeed, inspection of the AD4SEQ raw data
clarified that S68G was identified at a frequency comparable with that of the homemade NGS
system in all cases. An inquiry with the AD4SEQ manufacturer clarified that S68G was
deliberately not included in the report because it does not confer any resistance unless K65R is
also present, which was not the case in any of the samples analysed. However, HIVdb reports
S68G even when alone because polymorphisms involved in drug resistance may play a role and also
because clinical use of HIV drug resistance is typically based on cumulative HIV genotype data
obtained throughout patient history. The same considerations apply to the RT V179T
mutation, which triggers a score for the NNRTI etravirine only in the presence of the Y181C RAM.
SmartVir reported V179T in one case together with Y181C but not in the two other cases where it
occurred without Y181C.

Most importantly, a lower coverage with respect to homemade NGS was observed for
AD4SEQ (samples with a coverage < 100 reads were 2, 12 and 16 for homemade NGS, AD4SEQ-
SmartVir and AD4SEQ-HIVdb, respectively). While we were not able to identify any factor
associated with low coverage in our dataset, a recently published study based on a larger number of
sequence data generated by the AD4SEQ kit showed that non-B subtype and low viremia are
associated with low coverage [14]. It must be noted that the apparently lowest coverage with
AD4SEQ-HIVdb may have derived from improper handling of the sequence data contributed by
AD4SEQ primers, which are proprietary and unknown. Thus, AD4SEQ data processing through
pipelines other than SmartVir may not be recommended.
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Reassuringly, predictions of drug susceptibility were affected only for NRTIs and
NNRTIs in a few cases and mostly derived from the comparison between Sanger sequencing and
NGS, which is expected due to the different sensitivity of the methods. Overall, we did not observe
any large shift in the prediction of drug susceptibility from a high score to a low score (i.e., from
sensitive to resistant or vice versa).

Several published works [12,15–17] have evaluated the performance of homemade NGS
systems with respect to Sanger sequencing and obtained results similar to those shown in
this study, consistent with the inherently higher sensitivity of NGS in detect-ing minority
RAMs. While participation in external quality assessment programs is a recognised approach
for validating homemade NGS methodologies, CE-IVD-approved kits are essential for clinical
use. To date, only the Sentosa® SQ HIV kit has been compared with the reference Sanger
sequencing [17,18]. Thus, this is the first paper analysing the performance of AD4SEQ HIV-1
Solution v2 kit by Arrow Diagnostics. Although we had the possibility of selecting samples
shown to harbour drug resistant viruses by Sanger sequencing, the number of samples was
limited and did not allow a wide representation of HIV-1 subtypes. In addition, all samples
had >1000 HIV-1 RNA copies/mL; thus, we could not test the threshold of sensitivity for the
AD4SEQ amplification method, reported to be at least 500 HIV-1 RNA copies/mL by the
manufacturer. For these reasons, further validation experiments on a larger and more
heterogeneous sample panel are advisable for completing the assessment of the system.
Notwithstanding such limitations, this study conveys relevant information on the performance
and caveats of the AD4SEQ system in clinical settings.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/v16091465/s1, Table S1. Drug resistance mutations considered for the
prediction of drug susceptibility in each sample according to the sequencing system and to the data processing
method. Mutations in bold are those identified by only one or two sequencing systems. The frequency of each
mutation identified by NGS is shown in brackets. Table S2. Sequence coverage across the protease (PR), reverse
transcriptase (RT) and integrase (IN) regions with the different NGS systems. For AD4SEQ-SmartVir, the
maximum and minimum number of reads per base and the frequency of bases with coverage >100x are shown, as
provided by the SmartVir software. Median read depth per base for the FASTQ files generated by AD4SEQ and by
homemade NGS was determined through the Sequence reads (NGS) analysis of the HIVdb program.
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Summary

Introduction. The 2021/2022 influenza season was not
characterised by a well-defined incidence peak. As reported by the
Italian National Institute of Health, a high value of incidence of
influenza cases was recorded in week 13, but it was still lower than
in other influenza seasons. This abnormal circulation was probably
due to relaxation of the COVID-19 pandemic restriction measures,
such as social dis-tancing, smart-working, home leaning and the
use of masks, which greatly reduced the circulation of respiratory-
transmitted viruses, including human respiratory syncytial virus
(HRSV). The symptoms of SARS-CoV-2 and influenza are quite similar,
sharing the human-to-human transmission route via respiratory
droplets.

Introduction

SARS‑CoV‑2 is a non‑segmented, enveloped,
positive‑ sense RNA virus that began its worldwide
spread in December 2019  [1]. The World Health
Organization (WHO) declared the COVID‑19 pandemic
on March 2020. The virus spread all year round,
showing peaks in winter and when social containment
measures were relaxed [2]. Influenza is caused by a
segmented, negative‑ sense RNA virus that gives rise to
epidemics, mostly in the winter months. Of the four
types of influenza viruses, influenza A (IAV) and B (IBV)
are mainly responsible for seasonal influenza.
Currently, A/H1N1 and A/H3N2 are the most
widespread IAV subtypes circulating in the human
population [3]. Human respiratory syncytial virus
(HRSV) is a seasonal negative‑sense RNA virus and
prominent cause of acute lower respiratory tract
infections in young children [4].
In response to the COVID‑19 health emergency
and given the absence of specific pharmacological
therapies or highly effective vaccines to curb the
spread of SARS‑CoV‑2, many countries adopted
non‑ pharmaceutical mitigation strategies. These
strategies included the use of personal protective
equipment, implementation of social distancing
measures, temporary closure of educational
institutions and airports, and mandatory reporting of

cases of infection, followed by



Methods. The aim of this study was to estimate the rate of
coin-fection with influenza viruses and/or HRSV in SARS-CoV-2-
pos-itive subjects (N  =  940) in a population of central Italy
during the 2021/2022 season.
Results. A total of 54 cases of coinfection were detected
during the study period, 51 cases (5.4%) of SARS-CoV-2 and
influ-enza virus and three cases (0.3%) of SARS-CoV-2 and
HRSV coinfection.
Conclusions. These results highlight the importance of continu-
ous monitoring of the circulation of influenza virus and other
res-piratory viruses in the context of the COVID-19 pandemic.

isolation of affected individuals. This approach passively
influenced the seasonal transmission patterns of
airborne viruses, including influenza viruses and
HRSV [5, 6]. The 2020/2021 influenza season in
Italy was characterized by an initial phase of
co‑circulation of SARS‑CoV‑2 and influenza viruses,
followed by a rapid decline in influenza transmission
due to implementation of non‑pharmaceutical
measures. However, during the 2021/2022 influenza

surveillance season (from week 42 of 2021 to week 17
of 2022), an increase in the incidence of influenza was
recorded  [7]. The epidemiological curve of
influenza‑like illness (ILI) cases showed a bimodal
trend, peaking at week 52 of 2021 and weeks 12‑13
of 2022, when positive samples again rose above the
epidemic threshold of 10% positivity  [8] (Fig. 1). The
first wave was characterized as supported mainly by
HRSV circulation, while influenza viruses dominated in
the second wave [19].
An increasing number of studies show that patients
affected with COVID‑19 may also be coinfected
with other respiratory pathogens  [9‑11]. Indeed, the
coexistence of SARS‑CoV‑2 and influenza viruses led to
cases of coinfection having more severe symptoms than
infections with either virus alone [12].
The present study, performed during the 2021/2022
influenza season, investigated the prevalence of
influenza or HRSV coinfections in SARS‑CoV‑2‑positive
subjects
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Fig. 1. Incidence of influenza-like illness in Italy by week during the 2021/2022 influenza season, according to the Italian National Institute of
Health [8].

in Tuscany (Italy), with the aim of underlining the
importance of continuing epidemiological surveillance
of other respiratory viruses in addition to SARS‑CoV‑2.

Materials and methods

Study design
Oropharyngeal swabs were collected by general
practitioners, during the 2021/2022 influenza
surveillance season (from week 46 of 2021 to week 17
of 2022) in Siena, Tuscany (Italy), and stored at ‑80°C. A
total of 940 swabs were selected as having previously
tested positive for SARS‑CoV‑2: 742 collected during
the first influenza wave (week 46 of 2021 to week 4 of
2022) and 198 during the second (week 5 to week 17 of
2022). Information on the age and sex of the subject was
available for 860 swabs. The median age of subjects was
30 years (range 1‑65 years), 422 were male and 438 were
female. Swabs were divided by age group as follows:
1‑10 years (N = 52), 11‑20 years (N = 146), 21‑30 years
(N = 260), 31‑40 years (N = 147), 41‑50 years (N = 125),
and 51‑65 years (N = 130). No information on COVID‑19
or influenza vaccination status was available. Informed
consent was submitted and signed by all patients who
voluntarily underwent swabbing

Laboratory  analysis
Total RNA was extracted from specimens by QIAamp
Viral RNA Mini kit (Qiagen, Hilden, Germany).
Real‑ time reverse transcriptase–polymerase chain
reaction tests (RT‑PCR) were performed for IAV, IBV
and HRSV with Flu/HRSV kit (Siemens) on
nasopharyngeal swabs of subjects who had already
tested positive for SARS‑CoV‑2 by COVID‑19 HT
Screen (Clonit, Abbiategrasso, Italy). At the same time,
one‑step real‑ time RT‑PCR was performed in a final
volume of 25 µL (SuperScript III Platinum One‑Step
qRT‑PCR Kit, Thermo Fisher Scientific, Waltham, MA,
USA) to subtype for pandemic influenza virus A/H1N1
(Flu A/

pH1N1) and seasonal influenza virus A/H3N2 (Flu A/
H3N2) on samples positive for IAV. H3‑For Primer:
AAGCATTCCYAATGACAAACC, H3‑Rev Primer: ATT GCR
CCR AAT ATG CCT CTA GT, H3‑Probe: Fam – 5’ CAG GAT
CAC A”T”A TGG GSC CTG TCC CAG – 3’ SPACER – BHQ‑1
and H1pdm‑For Primer: GTG CTA TAA ACA CCA GYC TCC
CAT T,H1pdm‑ Rev Primer: AGA YGG GAC ATT CCT CAA
TCC TG, H1pdm‑Probe: Fam – 5’ TGG CCA GYC “T” CA
ATT TTG TGC TTT TTA CAT A ‑ 3’ SPACER – BHQ‑1, were
used.

S t at i s t i c a l  analysis
The median ages of the total and influenza‑positive
populations were calculated. The number of
SARS‑CoV‑2/influenza or HRSV coinfection cases by
period of collection (first and second influenza waves)
and age group (above or below median age, i.e. 30
years) was compared by the Yates corrected chi‑square
test. Statistical significance was set at p < 0.05
(two‑ tailed test). All statistical analysis was performed
using GraphPad Prism 6 software.

Results

A total of 54 cases (5.7%) of coinfection were detected
during the study period: 51 cases (5.4%) of SARS‑CoV‑2
and influenza viruses (43 for IAV and 8 for IBV) and
three cases (0.3%) of SARS‑CoV‑2 and HRSV. Of the
influenza cases, 34 cases of IAV were A/H3N2 subtype
while the remaining 9 cases were not attributed to
a subtype. The 8 cases of IBV were not subtyped.
As reported in Figure 2, most coinfections were detected
during the first influenza wave (36/43 cases of IAV, 6/8
cases of IBV and 2/3 cases of HRSV), albeit showing no
statistically significant difference with respect to the
second wave.
For 860 samples, including all those in which an influenza
virus or HRSV coinfection was detected, information on
the sex and age of the subjects was available.
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Fig. 2. Cases of coinfection with SARS-CoV-2 and human respiratory syncytial (HRSV), influenza A (IAV) or B (IBV) viruses from November 2021 to May
2022. Dashed vertical line separates first (left) and second (right) wave of influenza.

Fig. 3. Cases of coinfection with SARS-CoV-2 and human respiratory syncytial (HRSV), influenza A (IAV) or B (IBV) viruses by age group. Dashed vertical
line indicates the median age of the study population (30 years).

No significant difference in the distribution of cases by
sex was found, while Figure 3 shows the distribution of
coinfection cases by age.
SARS‑CoV‑2 coinfections with HRSV were only
detected in subjects under 30 years of age (median age of
positive subjects 14 years), although the difference was
not significant. Coinfections with IAV were detected in all
age groups, but the prevalence was higher in subjects of 30
years and under (median age of positive subjects 23 years,
p = 0.0009), while IBV was detected mainly in subjects
of 30 years and over (median age of positive subjects
43 years, p = 0.0494). Some PCR results regarding Flu/
HRSV kit (Siemens) are shown in Figure 4.

Discussion

In December 2019, identification of a new coronavirus
in Wuhan, China, demanded a prompt response and
global cooperation by health authorities  [6]. The
pandemic influenced the seasonal transmission
patterns of airborne viruses. SARS‑CoV‑2 shares
transmission through direct contact and airborne
contagion as well as symptoms, including fever, cough,
sore throat, fatigue,

nasal congestion and respiratory distress, with the
influenza virus, complicating differentiation of the two
infections [5, 6]. Cases of coinfection with SARS‑CoV‑2
and influenza proved to have symptoms that were
more severe [12]. After 2019/2020, the incidence of ILI in
Italy declined due to non‑pharmaceutical actions
imposed for SARS‑CoV‑2. In the 2021/2022 season, an
increase in the incidence of infections caused by
influenza viruses was observed, with an overall
positivity rate of 14.4% [19] although significantly
lower than that observed before the COVID‑19
pandemic. Indeed, the season was characterized by
low circulation of influenza, the first cases being
reported in week 52 of 2021. Circulation increased
from week 8 of 2022, reaching a maximum in week 12 of
the same year, when COVID‑19 restrictions were
relaxed [13].
In this study, we found a total of three cases of
coinfection of SARS‑CoV‑2 and HRSV and 51 cases of
coinfection of SARS‑CoV‑2 and influenza viruses: 43
cases of IAV and 8 cases of IBV. Ignoring influenza virus
type, influenza coinfection cases were detected in 5.4%
of the SARS‑CoV‑2‑positive subjects tested in this study,
a coinfection rate in line with those reported in other
countries [14‑16].
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Fig. 4. Representative results of PCR. Green fluorescence for Influenza A positive samples, blue fluorescence for HRSV positive sample.

Among IAV cases, 34 were caused by A/H3N2 subtype, in
line with Italian and European data reporting it to be
the predominant influenza subtype during the
2021/2022 season [17, 18].
The majority of SARS‑CoV‑2 and influenza coinfections
were found during the first wave of the influenza season.
A similar distribution was observed in a study conducted
in children and adolescents hospitalized in the US, where
influenza‑associated hospitalizations

characterized by influenza
and SARS‑CoV‑2 coinfections were higher in
December and January months [20]. IAV and
SARS‑CoV‑2 coinfections were higher in the first months
of the season also in a US study conducted in individuals
from University of Missouri Health Care [21], suggesting
that coinfection with SARS‑CoV‑2 Omicron variant
may have been reduced compared to coinfections with
Delta variant, due to different viral antagonism to IAVs.
In a surveillance study conducted on hospitalized
subjects in Tuscany during the same season, three cases
of SARS‑CoV‑2 and influenza coinfection were found in
March in the second half of the influenza season [17].
The same study reported two cases of HRSV infection,
one of which involved coinfection with SARS‑CoV‑2.
Both cases occurred in subjects aged 30 years or under,
in line with the results of our study. In contrast to our
results, a report by Cong et al in a population older than
18 years, the median age of co‑infected persons was
older than the fifth year [25]. As reported in few studies,
in patients with COVID‑19‑Influenza co‑infection, the
need for intervention with mechanical ventilation and
hospital stay increase compared with patients infected
with only one of the two respiratory viruses, suggesting
an aggravation of the disease picture [23, 24]. Although
it appears that the copresence of the two viruses does
not result in increased mortality [25]
Our study has some limitations. Information on clinical
features, medication use and outcomes, as well as
vaccination status for COVID‑19 and/or influenza
was not available and sequencing of
SARS‑CoV‑2‑ and influenza‑positive samples was not
performed. In addition, since in Italy administration of
live attenuated

influenza vaccines (LAIV) are authorised for use in
persons aged between 2 and 18 years [22], we cannot
exclude detection of influenza antigen from vaccinal
strains in younger age groups swabs. Moreover,
other respiratory viruses potentially coinfecting with
SARS‑CoV‑2, such as parainfluenza viruses, were not
included.
Few studies on respiratory virus epidemiology and
coinfections have been conducted in Italy in the
2021/2022 season. The 2021/2022 influenza season
was peculiar as it saw the partial resurgence of
respiratory viruses after the advent of COVID‑19,
therefore the characterization of as much as possible
the epidemiology of respiratory viruses and
coinfections with SARS‑CoV‑2 is of outmost
importance to understand the post‑pandemic
epidemiology of respiratory viruses.
Given the overlapping symptoms and epidemiology
of the influenza virus and SARS‑CoV‑2, it remains of
primary importance to conduct differential diagnosis
of these major airborne‑transmitted viruses to avert
complications related to infection. The use of multiplex
RT‑PCR tests, as in our study, ensures a timely diagnosis
and consequently an appropriate clinical approach to
each patient. Despite its limitations, our study
underscores the significance of continuous monitoring
of the circulation of influenza viruses.
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Abstract: Combination antiviral therapy may be helpful in the treatment of SARS-CoV-2 infection;
however, no clinical trial data are available, and combined use of direct-acting antivirals (DAA) and
monoclonal antibodies (mAb) has been reported only anecdotally. To assess the cooperative effects of dual
drug combinations in vitro, we used a VERO E6 cell-based in vitro system with the ancestral B.1 or the
highly divergent BQ.1.1 virus to test pairwise combinations of the licensed DAA, including nirmatrelvir
(NRM), remdesivir (RDV) and the active metabolite of molnupiravir (EIDD-1931) as well the combination
of RDV with four licensed mAbs (sotrovimab, bebtelovimab, cilgavimab, tixagevimab; tested only with
the susceptible B.1 virus). According to SynergyFinder 3.0 summary and weighted scores, all the
combinations had an additive effect. Within DAA/DAA combinations, paired scores with the B.1 and
BQ.1.1 variants were comparable. In the post hoc analysis weighting synergy by concentrations, several cases
of highly synergistic scores were detected at specific drug concentrations, both for DAA/DAA and for
RDV/mAb combinations. This was supported by in vitro confirmation experiments showing a more than a
linear shift of a drug-effective concentration (IC50) at increasing concentrations of the companion drug,

although the effect was prominent with DAA/DAA combinations and minimal or null with RDV/mAb
combinations. These results support the cooperative effects of dual drug combinations in vitro, which
should be further investigated in animal models before introduction into the clinic.

Keywords: SARS-CoV-2; mAb; DAA; combination antiviral therapy; in vitro synergism; Omicron variant

1. Introduction

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), which causes coro-navirus
disease 2019 (COVID-19), has expanded worldwide since its emergence in China in December 2019,
resulting in a global pandemic with more than 700 million confirmed cases and about 7 million
deaths documented as of September 2023 (https://COVID19.who.int/ accessed on 20 September
2023). Massive vaccination and natural SARS-CoV-2 infections and reinfections have
progressively expanded immunity to SARS-CoV-2, drastically re-ducing the incidence of
COVID-19 and its severe outcomes in the immunocompetent population. As a result, the end
to COVID-19 as a global health emergency was declared in May 2023 by the World Health
Organization (https://www.who.int/europe/emergencies/ situations/COVID-19 accessed on
20 September 2023). However, SARS-CoV-2 continues to circulate endemically in the global
population, causing serious illness in the most fragile categories, such as elderly people comorbid
and immunocompromised patients [1,2]. The
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persistent circulation of SARS-CoV-2 in the human population has been driven by the ability
to evade the host immune response, particularly since the emergence of the Omicron variant and
the plethora of its sublineages, which continue to evolve rapidly and challenge population
immunity [3]. In addition, waning immunity combines with decreased vac-cine acceptance
to pave the way to novel epidemic waves [4]. Thus, early treatment of symptomatic patients
with available antiviral medications remains crucial to protect fragile individuals and limit virus
spread and evolution.

Currently, available anti-SARS-CoV-2 agents include the direct-acting antivirals (DAA)
remdesivir (RDV), molnupiravir (MNP), and ritonavir-boosted nirmatrelvir (NRM) as well as anti-
spike monoclonal antibodies (mAb) [5]. Unfortunately, continued virus evolution has
progressively decreased or abolished mAb neutralization activity, with few cases of restored
activity against the currently dominating virus lineages [6]. On the other hand, DAA has
maintained their activity across multiple variants due to the high conservation of
the targeted viral enzymes [7]. However, current DAA may be unable to fully prevent severe
disease progression, and their use is limited by a number of drug–drug interactions (NRM),
inconvenient administration (RDV), or mutagenicity concerns (MNP) [8]. Indeed, the
development of novel drugs or different therapeutic approaches remains a key priority [9]. While
waiting for novel agents, one option recently gaining interest is to combine available drugs into
a drug cocktail based on the long-standing success of combination therapy in HIV and HCV
infection [10]. The key advantage of this approach is that each drug used in the combination can
act at a different step in the virus replication cycle, increasing the effectiveness of the treatment
while reducing the emergence of drug-resistant viral variants. Interestingly, if the drugs
interact synergistically, the active dose can be reduced with respect to monotherapy,
potentially lowering toxicity. Although no combination therapy is approved for the
treatment of COVID-19, some studies have recently evaluated the combined effect of licensed or
candidate anti-SARS-CoV-2 compounds in vitro [11–14] and in animal models [15,16] and
anecdotal cases of combined administration of two anti-SARS-CoV-2 treatments in clinical
practice have been reported [17–20].

In this work, we evaluated the in vitro interactions between approved anti-SARS-CoV-2
compounds in a live virus cell-based assay using the prototype SARS-CoV-2 B.1 virus and a more
recent omicron lineage (BQ.1.1). We included all the three DAA (RDV, MNP, NRM) plus the four
mAb which maintained activity during the initial evolution of the Omicron lineage.

2. Materials and Methods
2.1. Cells and Viral Stocks

The VERO E6 monkey cell line (ATCC® CRL-1586) was used to propagate and titrate the viral
stocks and to determine the antiviral activity of the antiviral compounds, alone or in
combination. VERO E6 cells were propagated in DMEM High Glucose medium
(Euroclone, Pero, Italy) supplemented with 10% Fetal Bovine Serum (FBS) and 1% Strepto-
mycin/Penicillin (PS) (Euroclone, Pero, Italy) in a humidified incubator at 37 ◦C with 5% CO2. The
same medium with a lower FBS concentration (1%) was used for viral infection experiments.
For all DAA activity experiments, VERO E6 cells were pre-treated with 0.5 µM CP-100356
hydrochloride inhibitor to reduce the efflux activity of P-glycoprotein, which is overexpressed
by this cell line [21,22].

The SARS-CoV-2 stocks used for the experiments included the wild type B.1 (GI-SAID code
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
stocks were expanded in VERO E6 cells and titrated as previously described [23].

2.2. Drugs and Cytotoxicity Assay

The P-glycoprotein inhibitor CP-100356 (cat. HY-108347) and the DAA, including RDV (cat. HY-
104077), NRM (cat. HY-138687) and EIDD-1931 (the active metabolite of MNP;
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cat. HY-125033), were supplied by MedChemExpress (Monmouth Junction, NJ, USA) as powder
and dissolved in 100% dimethyl sulfoxide (DMSO). Biosimilar mAb, including bebtelovimab
(BEB; ref. PXTA1750-100), sotrovimab (SOT; ref. PXTA1637-100), tixagevimab (TIX; ref. PXTA1032-100)
and cilgavimab (CIL; ref. PXTA1033-100) were supplied by ProteoGenix SAS (Schiltigheim,
France) as powder and dissolved in phosphate-buffered saline (PBS).

The cytotoxicity of all investigated compounds was assayed in VERO E6 cells as
previously described [22]. Briefly, cell viability was calculated using the CellTiter Glo 2.0
Luminescent Cell Viability Assay (Promega, Madison, WI, USA), and luminescence values were
measured using the GloMax® Discover Multimode Microplate Reader (Promega, Madison,
WI, USA) and elaborated with the GraphPad PRISM software version 9.0 (La Jolla, CA, USA). The
half-maximal cytotoxic concentration (CC50) and the compound con-centration allowing 90% cell
viability (CC10) were calculated using a non-linear regression analysis of the dose–response curves
and the ECanything GraphPad function. The CC10 was used for each compound as the starting
concentration in the antiviral activity assay.

2.3. Antiviral Activity Assay

To determine the antiviral activity of each compound against the B.1 and BQ.1.1 SARS-
CoV-2 variants, a direct yield reduction assay, based on the infection of cells in the presence of
serial drug dilutions, was performed as previously described [22]. The day before the
infection, 6000 VERO E6 cells per well were pre-seeded on 96-well adhesion plates to ensure 70%
confluence on the day of infection. Cells were treated with 4-fold decreasing concentrations of
each antiviral and after 1 h incubation at 37 ◦C with 5% CO2, the cells were infected at 0.005
multiplicity of infection (MOI). To test mAb activity, the viral stocks were pre-incubated at MOI
0.005 with mAb dilutions for 1 h at 37 ◦C and then the virus/mAb mixture was transferred onto
semiconfluent pre-seeded VERO E6 cells. In both cases, after an additional 72 h incubation, cell
viability was measured with CellTiter Glo 2.0. The half-maximal inhibitory concentration (IC50)
was calculated using a non-linear regression analysis of the dose–response curves generated with
GraphPad PRISM. Infected and uninfected cells without drugs were used to calculate the 0% and
100% cell viability, respectively, and used to normalize the results.

The different DAA combinations (NRM/EIDD-1931, NRM/RDV, RDV/EIDD-1931) were
evaluated against the B.1 and BQ.1.1 variants. In addition, RDV only was tested in combination
with the four mAb (RDV/SOT, RDV/BEB, RDV/CIL, RDV/TIX) based on convenience in the
perspectives of clinical use since both RDV and mAb must be admin-istered parenterally. These
combinations could only be tested against the B.1 prototype virus because none of the mAb
considered was active against the BQ.1.1 variant. The protocol previously described to
determine the antiviral activity of individual compounds was adapted to the dual compound
combinations. To generate the dual combinations, six 4-fold serial dilutions of the first compound
were mixed with six 4-fold serial dilutions of the second compound in 96-well plates to obtain 36
different combos in a two-dimensional matrix. Briefly, for the DAA combos, the drug combination
matrix was incubated for 1 h at 37 ◦C on pre-seeded semiconfluent VERO E6 cells, and the cultures were
then infected with B.1 and BQ.1.1 viral stock at 0.005 MOI. For the mAb/antiviral combos, the B.1
viral stock was pre-incubated for 1 h at 37 ◦C with mAb dilutions, and then the virus/mAb
mixture was transferred at 0.005 MOI onto VERO-E6 cells pretreated with serial DAA dilutions. For
both conditions, infected cells were incubated for an additional 72 h at 37 ◦C with 5% CO2, and cell
viability was calculated with the Cell Titer-Glo 2.0 protocol as described above. Each plate also
included the dose–response curves for each individual compound, a mock infection control, and an
infection control without antivirals to normalize the results. Two independent experiments were
performed for each combination.



Viruses 2024, 16, 168 4 of 12

2.4. Dose-Effect Relationships with Compound Combinations

Antiviral activity data derived from compound combinations were analyzed using the
online SynergyFinder 3.0 tool (https://synergyfinder.fimm.fi/ accessed on 12 October 2023).
This version of the software was recently implemented with post-analysis options enabling
better exploration and interpretation of the dose-effect relationships between antiviral
agents at any tested concentration [24]. The default Zero interaction potency (ZIP) model
was used to determine the type of drug–drug interaction by comparing the change in the
potency of the dose–response curves between individual drugs and their combinations. The
ZIP model combines the advantages of both the Loewe additivity and the Bliss independence
models, aiming at a systematic assessment of various types of drug interaction patterns that may
arise in a high-throughput drug combination screening [25]. Briefly,
the Loewe additivity model quantifies the excess over the expected response as if the two drugs
were the same drug, while the Bliss model computes the drug–drug interaction effect with
respect to a multiplicative effect between two drugs acting independently from each other.
For each dual compound combination, the results were expressed as a single summary
Synergy Score (SS), which is averaged over all the dose combination measurements and is
interpreted as the percent change in response due to drug interactions with respect to the effect
of the individual drugs (e.g., a synergy score of 20 indicates 20% increased activity beyond
expectation). The interaction is visualized using 2D and 3D synergy maps that highlight the
synergistic and antagonistic dose areas in red and green, respectively. As per the indications of the
system, an antagonistic, additive, and synergistic effect of the drug combination is defined by a
summary SS value below or equal to −10, from −10 to 10, and above 10, respectively [24]. In
addition, SynergyFinder 3.0 implements a “Weighting synergy by concentrations” post hoc
analysis, returning a weighted SS metric as a measure of synergy at lower drug dose windows
where toxicity is less likely and clinical application is favored [24].

To confirm the results obtained by SynergyFinder 3.0, we selected drug concentrations that
were repeatedly detected as synergistic (SS > 10) in the drug–drug matrix and directly
measured the IC50 shift of the drug combination in experiments where Compound 1 at three fixed
concentrations (IC50 plus two 2-fold dilutions) was mixed with six 4-fold decreasing
concentrations of Compound 2. The three Compound 2 IC50 values obtained in the presence of the
fixed concentrations of Compound 1 were compared with the IC50 of Compound 2 alone, and
three corresponding fold shift values in Compound 2 IC50 were calculated as IC50 [Compound 2
alone]/IC50 [Compound 1 + Compound 2].

2.5. Statistical Analysis

SynergyFinder 3.0 does not perform any statistical comparison among summary or
weighted SS values obtained with different compound combinations. Since the summary SS is the
average of all the individual SS obtained with all the concentration pairs tested, the overall
combinatorial effects of the three DAA pairs, as well as those of the three RDV/mAb groups, were
compared using the Kruskal–Wallis test, followed by Mann–Whitney pairwise comparisons between
groups. SS values obtained with the same DAA/DAA concentrations against the B.1 and BQ.1.1 viral
variants were compared using the Wilcoxon signed rank test. Analyses were performed using IBM
SPSS Statistics, version 20 (IBM Corp., Armonk, NY, USA), and all p-values were 2-sided.

3. Results

The IC50 of EIDD-1931, RDV and NRM, when tested alone, 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 against B.1/BQ.1.1, respectively.
The mAb tested, namely CIL, TIX, BEB, and SOT were active only against the wild type B.1 SARS-
CoV-2 variant (IC50 values: 0.20 ±  0.13, 0.07 ±  0.04, 0.03 ±  0.01, 0.81 ±  0.32 µg/mL, respectively).
All the IC50, CC50, and CC10 values are reported in Table 1.
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Table 1. 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. The 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.

NRM EIDD-
1931 RDV

SOT
BEB
CIL
TIX

CC50 µM
Mean ±  SD

40.7 ±  4.0
43.3 ±  6.0
17.2 ±  0.2
CC50 ng/mL
Mean ±  SD

>2400
>60
>360

>360

CC10 µM
Mean ±  SD

2.9 ±  0.2
3.1 ±  0.4
4.2 ±  0.6
CC10 ng/mL
Mean ±  SD

>2400
>60
>360

>360

IC50 µM vs. B.1
Mean ±  SD

0.1 ±  0.03
2.4 ±  0.4

0.06 ±  0.03
IC50 ng/mL vs.

B.1 Mean ±  SD

813 ±  324
33 ±  7 204

±1354
68 ±  41

IC90 µM vs. B.1
Mean ±  SD

0.2 ±  0.1
2.5 ±  0.1

0.2 ±  0.05
IC90 ng/mL vs.

B.1 Mean ±  SD

1718 ±  594
89 ±  9 1385

±  862
305 ±  71

IC50 µM vs. BQ.1.1
Mean ±  SD

0.1 ±  0.01
1.6 ±  0.4

0.03 ±  0.01
IC50 µM vs. BQ.1.1

Mean ±  SD

NA
NA
NA
NA

IC90 µM vs. BQ.1.1
Mean ±  SD

0.2 ±  0.01
1.8 ±  0.7

0.1 ±  0.01
IC90 µM vs. BQ.1.1

Mean ±  SD

NA
NA
NA
NA

The DAA combos tested against the wild type B.1 and BQ.1.1 strains were NRM/EIDD-1931,
NRM/RDV, and RDV/EIDD-1931 while all mAb were tested only against the wild type B.1 strain
in combination with RDV, the only injectable DAA (RDV/SOT, RDV/BEB, RDV/CIL, RDV/TIX). To
evaluate DAA/DAA or RDV/mAb interactions, we analyzed the data generated from
combination experiments using the SynergyFinder 3.0 software and applying the ZIP multiple
synergy algorithm that combines Bliss and Loewe reference models and returns summary SS and
weighted SS metrics averaging the results over all the dose combination measurements and at
clinically relevant lower drug dose windows, respectively. An example of the output generated by
analyzing the 36-cell matrix obtained with the NRM/RDV combo against the B.1 SARS-CoV-2
strain is shown in Figure 1. 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 2, while the 2-D Synergy plots generated by each
experiment are shown in Supplementary Figure S1.

Despite the overall additive effect shown by summary and weighted SS for all the
combinations, there were specific drug combo concentrations below to the IC90 of the indi-vidual
drugs, showing synergy. Table 3 shows these cases, stratified by their SS (10–29.9, 30–50, and
above 50). The highest SS were obtained for several RDV/mAb concentrations, particularly with
SOT, BEB, and TIX, which was also reflected by the highest overall sum-mary and weighted SS
(Table 2). Among DAA combinations, only NRM/RDV reached the highest SS stratum, but only
at one concentration, while hits at lower synergistic strata were detected for NRM/EIDD-1931,
RDV/EIDD-1931, and again NRM/RDV. The number of hits showing synergy for NRM/EIDD-
1931, NRM/RDV, and RDV/EIDD-1931 was 5, 6, and 2, respectively. When comparing SS
values obtained with all the DAA/DAA and DAA/mAb combinations and the B.1 virus, the
Kruskal–Wallis test revealed signifi-cant differences (p < 0.001), and post hoc pairwise analysis
detected significantly higher synergy for RDV/SOT compared with the other RDV/mAb
combinations (RDV/BEB, p = 0.006; RDV/CIL, p < 0.001; RDV/TIX, p = 0.006) and with two
DAA/DAA combina-tions (NRM/EIDD-1931, p < 0.001; NRM/RDV, p = 0.010; RDV/EIDD-
1931, p = 0.004). However, weighted SS values indicating synergistic effects often were outliers in
the overall distribution of data points for most dual combinations (Supplementary Figure
S2). SS
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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). Within the DAA/DAA combination subset, a comparable number of
cases showing synergy was detected with the B.1 and BQ.1.1 viruses (8 each), and there was no
statistically significant difference in the SS values when comparing B.1 to BQ.1.1 at paired
DAA/DAA concentrations (p = 0.153).

Figure 1. Dose–response matrix, two-dimensional (2D) and three-dimensional (3D) synergy maps gen-erated
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.

Table 2. 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.

NRM/EIDD-1931
RDV/EIDD-1931

NRM/RDV
RDV/SOT RDV/BEB

RDV/TIX
RDV/CIL

Summary SS vs. B.1
Mean ±  SD
−3.1 ±  3.1

0.4 ±  6.2 2.0
±  2.0 8.8 ±
10.3 5.7 ±

2.6 0.6 ±  6.4
−2.0 ±  0.5

Weighted SS vs. B.1
Mean ±  SD

2.1 ±  0.4
0.9 ±  0.7
1.9 ±  1.4
6.1 ±  2.9
4.2 ±  3.3
2.6 ±  2.7
0.8 ±  0.1

Summary SS vs.
BQ.1.1 Mean ±  SD

−2.7 ±  1.3
2.6 ±  6.5
−0.2 ±  3.7
NP        NP

NP
NP

Weighted SS vs.
BQ.1.1 Mean ±  SD

0.0 ±  0.7
1.7 ±  2.5
2.1 ±  2.1
NP     NP

NP
NP

As a proof of concept, the IC50 synergistic potency shift was measured in infected cells treated
with three fixed drug concentrations of the first compound plus scalar concentra-tions of the
second compound. As a fixed drug, we selected NRM and RDV because they repeatedly showed
synergy at specific concentrations (0.05 and 0.02 µM, respectively) close to their IC50 (Table 3). As
shown in Figure 2 and in Supplementary Table S1, 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, respectively. 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). As shown in
Figure 2 and in Supplementary
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Table S1, lower synergistic potency shifts were observed when fixed RDV concentrations were
tested in combination with mAb. Indeed, the 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 re-duced SOT and TIX IC50
by 2-fold and did not affect BEB IC50. At the lowest concentration tested (0.015 µM), RDV induced
a 2-fold reduction only in SOT IC50. In conclusion, the results obtained in the proof-of-concept
experiments suggested a synergistic interaction with the DAA/DAA combinations; however, a
cooperative effect between RDV and mAb was measurable only for RDV/SOT.

Figure 2. 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 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).
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Table 3. Concentrations of pairwise drug combinations below each drug IC90 and showing synergism in the
SynergyFinder 3.0 matrix, stratified by synergy score values (10–29.9, 30–50, and above 50).

Synergy Score Stratum

>50

30–50

10–29.9

Drug Combination
RDV/NRM

RDV/SOT

RDV/BEB

RDV/TIX

NRM/EIDD-1931

RDV/SOT

RDV/TIX

NRM/EIDD-1931

RDV/EIDD-1931

RDV/NRM

RDV/BEB
RDV/TIX

Concentrations a

0.02/0.05 0.04/8.8
0.04/35.2

0.04/140.6
0.04/0.6 0.04/2.2
0.04/8.9 0.04/2.2
0.04/8.8 0.05/0.75

0.05/1.50
0.01/562.5

0.04/562.5 0.04/35
0.003/0.07
0.01/0.08

0.05/0.09 0.02/1.5
0.03/0.75
0.02/0.05

0.004/0.05
0.006/0.05
0.02/0.03

0.02/0.01 0.01/8.9
0.01/35

Viral Variant
B.1 and BQ1.1

B.1

B.1

B.1

B.1
B.1 and BQ.1.1
B.1               B.1
B.1               B.1
B.1               B.1
B.1 and BQ.1.1
BQ.1.1          B.1
B.1 and BQ.1.1

BQ.1.1    BQ.1.1
BQ.1.1          B.1

B.1

a Concentrations are expressed as µM for DAA and ng/mL for mAb.

4. Discussion

While antiviral combination therapy has met with extraordinary success in the treat-ment
of chronic infections, including HIV and HCV, expanding the concept to acute infections
such as influenza and COVID-19 has just started to be considered [26,27]. A strong argument
for combining drugs with different mechanisms of action is the need to limit the emergence of
drug resistance, which is clearly a major issue with persistent viruses. However, there have been
reports of rapid selection of drug resistance also with exposure of SARS-CoV-2 to mAb or DAA,
particularly in immunocompromised subjects requiring prolonged treatment [28–31].
Combination therapy with SARS-CoV-2 has been so far lim-ited to mAb cocktails, including
casirivimab/imdevimab, bamlanivimab/etesevimab, and CIL/TIX. However, these combinations
target the same virus replication step.

Although combined administration of two anti-SARS-CoV-2 treatments in the clinical setting
has been anecdotally reported [17–20], it is currently unlikely that clinical trials comparing
drug combinations to single-drug anti-SARS-CoV-2 therapy are designed. Thus, in vitro assessment
of the potential for cooperative effects with multiple drugs plays a key role at this time. Of note,
privileging in vitro over difficult-to-obtain in vivo data is not novel in the SARS-CoV-2
treatment arena, where authorization of mAb has been often revoked based on in vitro
inefficacy data, rather than on clinical trials, with newly emerging viral variants [32]. Assessment
of the dose-effect relationship with drug combinations involves measuring inhibition of viral
replication in a standardized virus-cell system where different concentrations of the drugs of
interest are combined. Synergistic interactions
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are formally defined by activity scores, which are higher than the sum of the activities of the
individual drugs. Several tools are available online which are based on different mathematical
models to define combinatorial effects as synergy, additivity, or antagonism (e.g., MacSynergy II™,
CompuSyn, Combenefit, SynergyFinder) [33]. The available tools range from simple spreadsheet-
based systems to software packages assisted by a graphical user interface and based on machine
learning algorithms [34]. Since there is no consensus on how to define synergy [35], it is important
to include post hoc analysis and discover the specific drug concentrations resulting in unequivocal
synergy. Indeed, by using the latest release of the popular SynergyFinder, we detected highly
scored synergistic potency shifts at specific concentrations of the drug combinations tested,
although summary weighted SS indicated additive effects only, and, notably, we could largely
support this indication using confirmatory laboratory tests.

Our results can be compared with a few published data of this kind. The NRM/EIDD-1931
combo was scored as synergistic in two previous studies, one using SynergyFinder 2.0 with the
HSA algorithm to process data from a VERO E6 cell line-based system with the B.1 virus [11], the
other using SynergyFinder 3.0 with the Bliss algorithm, Calu-3 cells and the Delta virus [13]. In
addition, NRM and MNP were shown to increase the survival rate by >2-fold in the K18-hACE2
transgenic mouse model compared with either drug alone [16]. Another study reported an
additive effect of the RDV/EIDD-1931 combination by applying the original SynergyFinder
version with the ZIP algorithm in A549-ACE2-TMPRSS2 cells infected with the Omicron BA.5
virus [15]. Thus, previous reports and our study consistently show a cooperative interaction
with combinations of licensed DAA. The difference between additive and synergistic effects is
not straightforward to define due to the diversity of methods employed and the absence of a
gold standard assay. We used the most updated version of SynergyFinder, which, in addition to
the summary SS metric, also returns a weighted SS computed at lower drug concentrations and
allows post hoc analysis at specific drug concentrations. Such analysis indeed revealed highly
synergistic interactions, which may have driven an overall synergistic result with earlier
SynergyFinder versions [11]. Synergistic hits were scored for all the three DAA/DAA
combinations and for RDV with three of the four mAb considered. Indeed, our work is the first
to comprehensively test all three licensed DAA and perform a first-time analysis of RDV plus
mAb. Other strengths of our experimental design include the use of the CP-100356 hydrochloride
drug efflux inhibitor to better mimic in vivo DAA activity and the assessment of the DAA
combinatorial effects against two highly divergent viruses such as the ancestral B.1 and the later
emerging Omicron BQ.1.1 variant. Comparable effects were shown with the two viral strains, as
expected from the known variant-independent activity of SARS-CoV-2 polymerase and protease
inhibitors [7]. A further step in this work should be updating the viral variants with those
currently circulating as well as testing whether the synergistic effects measured translate into a
different barrier to in vitro resistance selection.

Finally, we corroborated SynergyFinder 3.0 data with in vitro experiments to measure the
IC50 shift for representative drug combinations where three 2-fold dilutions of one
compound, downward from its IC50, were used together with a complete dilution series of a
second compound. By selecting cases with repeated synergistic scores at concentrations
close to the IC50, we showed that a 2-fold increase in the concentration of the first compound
decreased the IC50 of the second compound by much more than 2-fold, supporting the
synergistic effect indicated using SynergyFinder 3.0. Of note, while this was evident with
DAA combinations, the effect was smaller or null with RDV/mAb combinations, advising
for further studies to better define the interaction between these drugs acting at extracellular
and intracellular levels. This highlights the need to support data obtained from SynergyFinder
or similar tools with in vitro confirmation experiments, particularly in light of the multiplicity
and frequent updates of the algorithms. In principle, any algorithm estimating combinatorial
effects among drugs should be used as a starting point for further analysis and not be conclusive
on its own. When a clinical trial is not feasible, advanced in vitro systems should be used,
including suitable 3D lung tissue systems [36]. Most
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importantly, in vivo experiments should be designed in a suitable animal model before moving
forward to a wide introduction of combination therapy into the clinic. SARS-CoV-2 animal models
have been progressively improved [37] and should now be an integral part of the lessons learned
from the COVID-19 pandemic [9].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v16020168/s1, Table S1: IC50 synergistic potency shift measured in
infected VERO E6 cells; Figure S1: Bi-dimensional (2D) synergy plots of antivirals against the two SARS-CoV-2
strains tested, generated using Synergy Finder 3.0 (https://synergyfinder.fimm.fi/ accessed on 12 October
2023); Figure S2: Overall combinatorial effects of the three DAA pairs as well as those of the three RDV/mAb
groups compared by the Kruskal–Wallis test followed by Mann–Whitney pairwise comparisons between
groups.
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Letter to the Editor

Neutralizing antibodies response to novel SARS-
CoV-2 omicron sublineages in long-term care
facility residents after the fourth dose of
monovalent BNT162b2 COVID-19 vaccination

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), the
etiologic agent of the Coronavirus Disease 19 (COVID-19), has been
progressively adapting to the human host since the beginning of the
epidemic.1 The Omicron variant, first identified in South Africa in
November 2021, is the best adapted variant of concern (VOC), combining
highly efficient binding to the ACE-2 cell receptor and immune escape.
Since its emergence, Omicron has evolved into a plethora of descendant
sublineages, including BA.1, BA.2, BA.3, BA.4, and BA.5. While BA.3 was
rapidly outcompeted and lost in viral evolution, the other sublineages
were expanded following a me-chanism of convergent spike evolution.
During late 2022 or early 2023, BA.1, BA.2 and BA.5 were completely
replaced by their des-cendants including BQ.1.1, derived by BA.5, and
BA.2.75.2, XBB.1 and CH.1.1, derived by BA.2 (https://cov-
spectrum.org/explore/World/). All these variants have been shown to
escape natural and vaccine induced immunity elicited by pre-omicron
antigens, however hybrid immunity resulting from a combination of
natural infection and vaccination may still confer some degree of
protection.2 A key point is whether uninfected but highly vulnerable
individuals undergoing multiple vaccination with the ancestral antigen
preparation have any residual protection from SARS-CoV-2 infection and
disease.

We quantified the magnitude and durability of neutralizing an-
tibodies (NtAb) to the currently predominant sublineages BA.2.75.2, BQ.1.1,
XBB.1 and CH.1.1 in a fragile population of long-term care facility (LTCF)
residents who were naïve to SARS-COV-2 infection and vaccinated with
four doses of the monovalent BNT162b2 COVID- 19 mRNA vaccine. Plasma
samples were collected from 40 residents at Pio Albergo Trivulzio, the
largest Italian LTCF, 71 [68–75] and 89 [80–91] median [IQR] days after
the third (T3) and fourth (T4) BNT162b2 vaccine dose, respectively. Live
virus NtAb titers were measured and reported as the serum dilution
yielding 50% protec-tion of cells from in vitro viral infection (ID50).3 The
Elecsys Anti- SARS-CoV-2 S system (Roche, Basel, Swiss) was used to quantify
the anti-spike protein binding antibody units (BAU) at T3 and T4 as well as
at the earlier time points T2a and T2b corresponding to 64 [62–64]
and 203 [202–204] median days after the second dose vaccination,
respectively. The study group had a median age of 91 [84–94] years,
included 35 females and 5 males and no subject with positive anti-
nucleocapsid serology at first vaccine dose. Weekly screening for
incident SARS-CoV-2 infection by swab analysis re-mained negative in all
subjects during the study period (ending in

July 2022). Most residents (87.2%) presented at least one co-
morbidity, mostly dementia (59.0%), diabetes mellitus (30.8%), his-tory
of ictus (25.6%) or ischemic heart disease (23.1%). Thirteen patients
(32.5%) had at least three comorbidities and polypharmacy was common
(Table 1).

All but one patient had measurable anti-spike antibody titers after
the second BNT162b2 vaccine dose (2953 [31–6546] BAU). PAT35
remained negative for anti-spike Ab and NtAbs at all time points
analyzed. NtAb titers to the wild type B.1 variant significantly increased at
T4 (1094 [612–3252] ID50) with respect to T3 (518 [60–1515] ID50) (p  <
0.001). A significant increase was also observed when comparing the
median anti-spike BAU at T3 and T4 (9939 [4168–12,500] vs. 12,500
[6413–12,500]; p = 0.008). NtAb titers against B.1 and anti-spike BAU
correlated well at T3 (Spearman rho 0.697, p  <  0.001) and T4 (rho 0.479,
p = 0.002; Supplementary Fig. 1). At T4, median NtAb titers to B.1
correlated with those to each omicron variant (p  <  0.001 for all
comparisons; Supplementary Table 1) but absolute values were
significantly higher with respect to BA.5 (287 [38–533], 4-fold), BA.2.75.2
(30 [15–67], 37-fold), BQ.1.1 (22 [11–58], 49-fold), XBB.1 (13 [5–24], 84-
fold] and CH.1.1 (13 [5–19], 84-fold) (p  <  0.001 for all comparisons)
(Fig. 1). In the ranking of NtAb titers (B.1  > BA.5  > BA.2.75.2  > BQ.1.1  >
XBB.1 = CH.1.1), each variant was significantly better neutralized than the
following variants, with the exception of XBB.1 vs. CH.1.1 (p = 0.031 for
BQ.1.1 vs. BA.2.75.2; p  <  0.001 for all other comparisons). Of note, in addition
to PAT35 who never mounted any neutralizing response for the whole
vaccination cycle, 4 patients did not neutralize BA.5 and BA.2.75.2, and 8,
12 and 14 patients did not neutralize BQ.1.1, CH.1.1 and XBB.1, respectively.

Aging and high levels of comorbidity pose a major risk of COVID- 19
progression in LTCF residents.4 Indeed, this population was
prioritized for vaccination and regularly monitored to detect in-
cident SARS-CoV-2 infections and timely start available treatments. By
September 2022, over 98% of LTCF residents in Italy had com-pleted
the primary vaccination cycle and 93% had received one or more
booster doses (https://www.epicentro.iss.it/en/coronavirus/
pdf/REPORT_STRUTTURE_dic2020_sett2022_english.pdf). To our
knowledge, this is the first work to analyze the NtAb response
against multiple, recently predominant Omicron sublineages in a
fragile population of SARS-CoV-2-naïve LTCF residents vaccinated with
four doses of monovalent BNT162b2 COVID-19 mRNA vaccine.

Increased NtAb response following the fourth dose of COVID-19 mRNA
vaccine, mostly BNT162b2, was recently documented in an-other Italian
study of immunocompromised patients.5 Comparing absolute NtAb
titers across studies is challenging due to differences in the reference virus,
methods, and procedures. However, the NtAb response measured in our
study is comparable to that reported after

https://doi.org/10.1016/j.jinf.2023.06.019
0163-4453/© 2023 The British Infection Association. Published by Elsevier Ltd. All rights reserved.
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Table 1
Study population, comorbidities and therapy. COPD: Chronic Obstructive Pulmonary Disease; SCC: Squamous Cell Carcinoma; Dementia: from moderate to severe; Anemia: HB values below 10
g/dl; Malnutrition: MUST score = 2 or BMI <  18.5.

ID Gender

PAT03               F
PAT04               F

PAT05               M
PAT07               F
PAT09               F
PAT13               F
PAT18               F

PAT20               M
PAT22               M
PAT27               F

PAT28               M
PAT29               F
PAT35               F
PAT38               F
PAT42               F
PAT43               F
PAT46               F
PAT47               F
PAT48               F
PAT50               F
PAT52               F
PAT55               F
PAT58               F
PAT65               F
PAT66               F
PAT67               F
PAT69               F
PAT70               F
PAT73               F
PAT75               F

PAT80               M
PAT84               F
PAT87               F

PAT88 F

Age (years)

100
89
95
84
75
94
76
83
84
95
79
91
82
97
92
77
79
97
92
91
94
86
94
94
99
87
88
95
102
95
84
88
92
91

Comorbidities

Previous cerebral stroke, dementia
Diabetes mellitus, previous cerebral stroke, dementia
Ischemic heart disease, dementia, active tumor
Ischemic heart disease, COPD, asthma-emphysema, dementia COPD,
malnutrition
Previous cerebral stroke, dementia
Dementia
Ischemic heart disease, diabetes mellitus, COPD, asthma-emphysema
Ischemic heart disease, chronic renal failure, dementia, COPD, asthma-emphysema, SCC Ischemic
heart disease, anemia
Diabetes mellitus, active tumor, hepatic cirrhosis
Diabetes mellitus, previous cerebral stroke, dementia
Diabetes mellitus, dementia, anemia
Dementia
Diabetes mellitus, dementia, anemia
COPD, dementia
Diabetes mellitus
Diabetes mellitus, dementia, previous cerebral stroke
Active tumor pathology
Dementia
Dementia

COPD, asthma-emphysema, dementia
Ischemic heart disease, dementia
Dementia
Ischemic heart disease
Diabetes mellitus, dementia, autoimmune pathology
Diabetes mellitus, previous cerebral stroke, active tumor, malnutrition
Diabetes mellitus, dementia
Previous cerebral stroke
Diabetes mellitus, dementia
Previous cerebral stroke, dementia
Previous cerebral stroke
Ischemic heart disease, dementia
Ischemic heart disease, previous cerebral stroke

Treatment

-
-
-
-
-
-
-
-
Steroid
Anticoagulant
Anticoagulant
Steroid, anticoagulant
-
-
Anticoagulant
-
-
-
-
-
-
-
-
-
-
Steroid
-
-
-
-
-
-
-
-

the fourth BNT162b2 in healthcare workers in Israel.6 These data
highlight that the fourth booster is of value in maintaining humoral
immunity to SARS-CoV-2 and reassures that valid titers can be achieved
in late adulthood with multiple immunizations. Indeed, our patient
population remained free of incident SARS-CoV-2 in-fection during the
whole observation period considered. However, our LTCF residents have
been living in a highly protected environ-ment and the study covered up
to July 2022 only, thus exposure to the latest Omicron variants escaping
vaccine immunity was mar-ginally included. Another limitation of our
study is the lack of ana-lysis of the T cell response, which is an integral
component of immunity, although more prominent in protection from
disease ra-ther than from infection.7 Nevertheless, our data corroborate
the concept that regular boosting can be effective in preventing infection
and disease in very late adulthood. Further development in vaccine
research is awaited to make SARS-CoV-2 vaccination more con-venient
and effective and protect the most vulnerable categories.
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Abstract: Live virus neutralization is the gold standard to investigate immunity. This prospective
observational study aimed to determine the magnitude of response against the original B.1 lineage and
against the BA.5 lineage six months after the third BNT162b2 mRNA vaccine dose in patients with HIV
infection on successful antiretroviral treatment and no previous SARS-CoV-2 infection. A total of 100
subjects (M/F 83/17, median age 54 years) were included in the analysis: 95 had plasma HIV RNA <40

copies/mL, the median CD4+ T cell count at the administration of the third dose was 580 cells/mm3 , and

the median nadir CD4+ T cell count was 258 cells/mm3. Neutralizing antibodies (NtAb) against B.1 were
detectable in all the subjects, but those to BA.5 were only detected in 88 (p < 0.001). The median NtAb titer to
B.1 was significantly higher than that to BA.5 (393 vs. 60, p < 0.0001), and there was a strong positive
correlation between the paired measurements (p < 0.0001). Linear regression on a subset of 87 patients
excluding outlier NtAb titers showed that 48% of the changes in NtAb titers to BA.5 are related to the
changes in value titers to B.1. SARS-CoV-2 variants evolve rapidly, challenging the efficacy of vaccines, and
data on comparative NtAb responses may help in tailoring intervals between vaccine doses and in
predicting vaccine efficacy.

Keywords: BNT162b2 mRNA vaccine; third dose; HIV; SARS-CoV-2; B.1 lineage; BA.5 lineage;
neutralizing antibodies
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The continuous evolution of the SARS-CoV-2 virus has been a major challenge over the
three years of the pandemic. The Omicron variant (B.1.1.529), first identified in South Africa in
November 2021, rapidly replaced the previously dominant variants, becoming the fifth
variant of concern (VOC) as declared by the WHO on 26 November 2021. Since its emergence,
the Omicron variant (B.1.1.529) has evolved into a plethora of descendant sublineages,
including BA.1, BA.2, BA.3, BA.4, and BA.5. The BA.5 sublineage has been
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dominant in Italy for several months, with an estimated prevalence higher than 90% up to
October 2022 [1]. This subvariant is characterized by 30 mutations in the spike protein and
about 20 in other sites of the genome with respect to the initial version of SARS-CoV-2 [2]. As a
consequence, BA.5 can significantly escape neutralizing antibodies induced both by infection
with previous VOCs and by vaccination, and a substantial proportion of the general
population is not protected from BA.4/5-related hospitalization at less than 6 months after the
third vaccine dose. Hachmann et al. [3] demonstrated that the neutralizing antibody titer
against BA.5 was lower by a factor of 21 with respect to the titer against WA1/2020 and lower
by a factor of 3.3 with respect to the titer against BA.1, and Tartof et al. [4] described adjusted
effectiveness of 73% (95% CI 25–91) against hospitalisation and of 43% (95% CI 10–63) against
emergency department admission. Two key mutations are involved in the immune escape
shown by BA.5: F486V and L452R, present in the receptor binding domain (RBD) of the spike
protein and able to reduce serum neutralization with respect to BA.1 and BA.2 in patients
vaccinated with three doses. The first mutation, F486V, is an amino acid substitution not
identified in other Omicron subvariants, and the second mutation,
L452R, is different from L452Q identified in BA.2.12.1 because Q is an amino acid with no charge
while L is an amino acid that has a hydrophobic side chain (probably more interferent with
antibody binding) [5–7].

The CD4+ memory response to the BNT162b2 vaccine is a complex phenomenon: unlike
the neutralizing response, the combination BNT162b2/BNT162b2 elicits a more efficient
cellular response with respect to a combination adenovirus vector-based vaccine,
AZD122/BNT162b2 [8]. A low decline of CD4+ T cell memory occurs throughout the months,
but there is a total recovery after the third BNT162b2 vaccine dose [9]. Taken together, these
data showed a successful memory response lasting many months in healthy subjects. In HIV-
positive patients, the influence of viroimmunological parameters had to be taken into account:
most subjects on successful ART with a high CD4+ cell count at inclusion and receiving two doses
of the BNT162b2 vaccine had a cellular response after six months, and a high number of CD4+ cell
count is a predicting factor [10]. A comparable T cell response after six months from the third dose
of the BNT162b2 vaccine was described in patients with either less or more than 200 cells/mm3,
but with virological suppression (median HIV RNA 40 copies/mL) [11]. These results suggest
that a standard vaccine schedule could be applied to HIV patients with ongoing successful ART,
but untreated or failed subjects may need a tailored vaccine administration.

Anti-SARS-CoV-2 vaccines are safe, and they were shown to reduce morbidity and
mortality: real-word data confirmed the data reported in registration studies [12–14]. The
third dose and its timing have a peculiar role: HIV-positive patients who received 2 vaccine
doses are at higher risk of breakthrough infections with respect to HIV-negative subjects, but the
third BNT162b2 dose has a protective role [15], and a higher neutralizing antibody seronversion
rate was described in HIV-positive patients receiving the third dose of the inactivated COVID-19
vaccine after 5 months with respect to the 3-month interval, especially in subjects with a CD4
count <200 cells/mm3 [16].

Patients with HIV infection boosted with either heterologous or homologous COVID-19
vaccines showed a strong antibody response as evaluated with IgG ELISA against SARS CoV-2 spike
(i.e., from a median of 2644 AU/mL 182 days after the first vaccine dose to a median of 143,088
AU/mL about a month post-third dose [17] and from a median of 107 AU/mL at pre-booster
study time to a median of 1580 AU/mL four weeks after the third dose [18]), but a few data
were reported on authentic virus neutralization response against the BA.5 variant after the third
vaccine dose in patients receiving an mRNA vaccine. Previous studies described a neutralizing
response following booster vaccination in subjects receiving an mRNA vaccine, but the targets were
wild-type (Wuhan A), Delta (B.1.617.2; AY.2), and Omicron (B.1.1.529; BA.1) [19–21].
Therefore, the aim of this study was to determine the magnitude of SARS-CoV-2 neutralizing

antibodies (NtAb) against the original B.1 lineage and against the BA.5 lineage
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six months after the third BNT162b2 mRNA vaccine dose in patients with HIV infection on
antiretroviral treatment (ART).

2. Materials and Methods
2.1. Study Design and Population

The study was a prospective, observational, single cohort study approved by the
“Comitato per la Sperimentazione Clinica di Treviso e Belluno” (protocol code 812/2020), and
written informed consent was obtained from each participant.

The patient cohort included 100 subjects with HIV infection, aged more than 18 years, who
completed a three-dose regimen of the BNT162b2 vaccine. Previous or present SARS-CoV-2 infection
was excluded based on the clinical history and the lack of positive results on nasopharyngeal swabs
analyzed for clinical needs (including contact tracing).

Patients were enrolled at the Infectious Diseases Unit of the Treviso Hospital, Treviso, Italy.
There was no loss on follow-up.

The study was reported according to the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) Statement [22].

2.2. Variables and Assessment Methods

Plasma HIV viremia, CD4+ T cell count at the time of the third vaccine dose, CD4+ T cell
count at nadir, and main clinical and demographic characteristics of the patients were collected.
A successful HIV-1 suppression was defined when HIV RNA viremia was below 40 copies/mL.

Six months after the third BNT162b2 vaccine dose, NtAb titers were determined in a live virus
microneutralization assay against the BA.5 omicron sublineage (EPI _ISL_14513768) (BA.5.1) and
the B.1 wild-type SARS-CoV-2 strain (EPI_ISL_2472896) as previously de-scribed [23,24]. Briefly,
two-fold serial dilutions of sera were incubated with 100 TCID50 of the corresponding SARS-CoV-
2 strain and then added to pre-seeded Vero E6 cells and incubated for 72 h at 37 C with 5% CO2.
The virus cytopathic effect was quantified by measuring cell viability with the Cell-titer Glo 2.0
system in a GloMax Discover luciferase plate reader (Promega, Madison, WI, USA). The NtAb
titer (ID50) was defined as the re-ciprocal value of the sample dilution that showed 50%
protection from the virus-induced cytopathic effect. Each serum was tested in duplicate, and each
run included an uninfected control, an infected control, and the virus back-titration to confirm the
virus inoculum. The initial validation of the assay was performed with the First WHO
International Standard anti-SARS-CoV-2 immunoglobulin (Version 3.0, Dated 17 December 2020;
code 20/268 NIBSC, Ridge, UK) [25]. Sera with ID50 below 10 were defined as negative and scored as
5 for statistical analysis.

2.3. Statistical Analysis

Statistical analysis was carried out using MedCalc® Statistical Software version 20.116
(MedCalc Software Ltd., Ostend, Belgium) and Stata v. 17.0. (StataCorp. College Station, TX, USA).
Data were summarized using absolute and relative frequencies for categorical variables and
median and IQR for numerical variables. Mann–Whitney U test, chi-squared test, and Fisher’s exact
test were employed as appropriate. A spearman rank correlation was applied for the comparison
of NtAb titers to B.1 and BA.5 lineages and for comparison with other continuous variables. The
statistical significance level was set at  = 0.05 for all analyses.

2.4. Bias and Sensitivity Analysis

The main source of bias lies in the inadvertent inclusion of patients who had con-
tracted an asymptomatic, undiagnosed SARS-CoV-2 infection. This would translate into
erroneously including subjects with hybrid immunity (infection plus vaccination), which has
been shown to be of higher magnitude and broader compared with the response to vaccine
alone [14].
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To reduce this potential source of bias, a sensitivity analysis was performed by ex-cluding
patients with NtAb titers exceedingly high within the cohort. The Grubbs test was applied to
identify such outliers of NtAb titers to either B.1 or BA.5, independently [26]. Pearson’s
correlation and linear regression analyses were then used on this subset.

3. Results

A total of 100 subjects (Male/Female 83/17, median age 54 years, IQR 49–60 years) were
included in the analysis. All of them were on ART, most (68%) on triple drug regimens, and
with suppressed HIV viremia (95%). The median CD4+ T cell count at the administration of the
third dose was 580 cells/mm3 (IQR 411–786 cells/mm3), and the median nadir CD4+ T cell count
was 258 cells/mm3 (IQR 117–360 cells/mm3). The characteristics of the study population are
reported in Table 1.

Table 1. Main characteristics of the study population (n = 100).

Male, n (%)

Caucasians, n (%)
Age at HIV diagnosis (years), median (IQR) Age at

study enrollment (years), median (IQR)
Absolute number of CD4+ T cell count at nadir (cells/mm3),

median (IQR)
Patients with <200 CD4+ T cell count at nadir, n (%)

Current CD4+ T cell count (cells/mm3), median (IQR)
Patients with suppressed undetectable plasma HIV RNA, n (%) HIV
RNA value in patients with detectable HIV viremia (copies/mL),

median (IQR)

83 (83)

88 (88) 36
(28–48) 54
(49–60)

258 (117–360)

36 (36) 580
(411–786)

95 (95)

58 (49–72)

The main results of our study were the stronger neutralizing response to B.1 with respect
to BA.5, the positive correlation between the two titers, and the lack of correlation with CD4+
cell count.

NtAb against B.1 was detectable in all the subjects; conversely, 12 patients were negative
for BA.5 (p < 0.001). Overall, the median NtAb titer to B.1 was significantly higher than that to BA.5
(393, IQR 128–866 vs. 60, IQR 28–143, p < 0.0001); however, there was a strong positive correlation
between the paired measurements (r= 0.854, 95% CI 0.79–0.9, p < 0.0001) (Figure 1). The
difference in NtAb titers between the two strains remained significant when subjects only
scored positive for both lineages were analyzed (459 [IQR 162–907] to B.1 vs. 72 [36–204] to BA.5,
p < 0.0001). Only one subject, an African male, showed NtAbs titers to BA.5 higher than to B.1
(2961 vs. 1378). In this case, the BA.5, but not the B.1, was recognized as an outlier.

Neither NtAb titers to B.1 nor to BA.5 showed any correlation with current CD4+ T cell
counts (r = 0.0752, p = 0.5680; and r = 0.00461, p = 0.9721; respectively) or with CD4+ T cell counts at
nadir (r = 0.0380, p = 0.7148; and r = 0.0426, p = 0.6819; respectively). NtAb titers to BA.5, but not to
B.1, had a positive correlation with age at diagnosis (r = 0.276, 95% CI 0.08–0.450, p = 0.0063) and at
enrollment (r = 0.227, 95% CI 0.0309–0.406, p = 0.0239).

Sensitivity Analysis

Thirteen patients were excluded in a sensitivity analysis excluding outlier NtAb titers (2 to
B.1, 5 to BA.5, and 6 to both strains; see Supplementary Table S1). The correlation between
NtAb titers to B.1 and BA.5 was confirmed in the resulting subset of 87 patients (r = 0.69, p <
0.0001). The significantly higher NtAb titer to B.1 was confirmed in this subgroup of 87
patients (268, IQR 114–593 vs. 50, IQR 25–105, p < 0.0001). Linear regression showed that 48% of the
changes in NtAb titers to BA.5 are related to the changes in value titers to B.1 (Figure 2).
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Figure 1. Linear regression between B.1 titers and BA.5 titers in HIV patients 6 months after the third
BNT162b2 vaccine dose (entire cohort). NtAb titers are expressed as ID50, which is the reciprocal value of
the sera dilution and shows 50% protection from the virus-induced cytopathic effect.

Figure 2. Linear regression between B.1 and BA.5 titers in HIV patients 6 months after the third BNT162b2
vaccine dose (outliers excluded from cohort). NtAb titers are expressed as ID50, which is the reciprocal
value of the sera dilution and shows 50% protection from the virus-induced cytopathic effect.
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A detailed comparison between the main results and the sensitivity analysis was
reported in Supplementary Table S2.

4. Discussion

Here we describe the correlation between NtAb titers against B.1 and against BA.5 six
months after the third dose of the BNT162b2 vaccine in a cohort of 100 HIV-positive subjects
on successful ART and COVID-naïve.

NtAb titers to BA.5 were significantly lower with respect to titers to B.1 six months after the
third dose of the BNT162b2 vaccine in a cohort of HIV-positive subjects, mostly on suc-cessful ART.
This result is in agreement with previously reported data in patients receiving three vaccine doses
and having NtAb tested about one month [5,27] and eight months [28] after the third dose. The
subjects enrolled in the first study [27] were HIV-positive patients on ART with a median CD4+ T
cell count > 500 cells/mm3, while subjects included in the studies by Cheng et al. [5] and by
Anichini et al. [28] were likely HIV-uninfected (no information was reported). Taken together,
all these results suggest that the striking diver-gence of Omicron BA.5 is the major driver for
vaccine escape and that the NtAb response in immune restored HIV-positive subjects is similar
to that occurring in HIV-negative patients [27,29]. The independence of the neutralizing
activity to BA.5 from immunocom-petence is in accord with the data reported in the study by
Corma-Gomez et al. [30], who described a lower neutralizing activity to BA.5 with respect to B.1
from 4 to 8 weeks after the booster vaccine dose both in patients with CD4 counts < 200
cells/mm3 and in those with CD4 counts  200 cells/mm3.

Despite a significantly lower response to BA.5, there was a clear correlation between NtAb
titers to B.1 and to BA.5, both in the overall study population and in the subset excluding
subjects with outliers to either viral strain. Despite an overall low response, NtAb titers to
BA.5 varied over three orders of magnitude. This might reflect the inclusion of subjects with an
undiagnosed prior SARS-CoV-2 infection and/or higher cross-reactivity due to prior exposure to
seasonal human coronaviruses [31]. The latter could explain the positive correlation between BA.5
NtAb titers and patient age detected in our case file, but this is a hypothesis that needs to be
confirmed on a larger number of patients.

There is an increasing interest in the clinical role of a model able to predict the humoral
response to SARS-CoV-2 vaccine in specific populations: Voutouri et al. [32] elaborated a
mechanistic model to simulate the efficacy of a vaccine booster in immunosuppressed patients,
and Parisi et al. [24] described the kinetics of the response to the ancestral virus in a cohort of
healthcare workers infected during the first SARS-CoV-2 wave and monitored to the completion
of their triple vaccination cycle.

Real-life investigations focused on the disease severity of the SARS-CoV-2 infection caused by
the BA.5 strain sublineage reported quite different results. During the BA.1 and BA.4/BA.5 waves,
the risk of admission to an intensive care unit, mechanical ventilation, or steroid
prescription/death within 21 days from diagnosis was lower with respect to the ancestral,
Beta, and Delta waves. In addition, vaccination had a protective role [33], and a considerable
risk reduction of death outcome associated with a booster vaccine dose was observed either
for BA.5 or BA.2 related infections [34]. Conversely, a Danish nationwide population-based
study described a higher hospitalization rate in subjects with BA.5 infection with respect to
subjects with BA.2 infection (1.9% vs. 1.4%) [35]: BA.5 infection was also associated with an 18%
increased rate of hospitalization and a longer duration of symptoms compared to BA.1 [36,37].

The main limitations of the study are the lack of patients with a previous SARS-CoV-2
infection, the lack of patients vaccinated with the new bivalent mRNA formulations
expressing BA.5, and the lack of a control group. Furthermore, it has to be underlined the
unavailability of a longitudinal evaluation of neutralizing response and cellular analysis of T-cell
memory response: we did not include these data in our study because of the difficulty of
obtaining a large amount of blood from patients who are already regularly monitored and
because of the elevated costs of such studies, which make it necessary to work in a
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biosafety level 3 laboratory. We identified COVID-19-naïve subjects based on self-reported data, as
currently accepted [18,38]: antibody titers against the N antigen protein waned with time
[39,40], and they could not be detectable after SARS-CoV-2 infection [41,42].

On the other hand, this study included 100 HIV-positive subjects, all vaccinated with the
same mRNA vaccine and regularly followed, who are an ideal cohort for prolonged monitoring
of humoral responses and for assessing an overtime titer threshold for immuno-logical protection
from BA.5 infection [43]. Of note, in our study, the interval between booster vaccine dose and
neutralizing activity testing is six months, so that giving updated information on the humoral
response to the wild-type virus and to BA.5 is at a time corre-sponding to the administration of
the fourth vaccine dose [44]. Future evaluations of the cohort enrolled in this study will be
aimed at studying neutralizing response durability in persistently COVID-naïve patients and
modification over time of the titer in breakthrough cases. The availability of studies on the
humoral response in HIV patients receiving the same vaccine schedule but with different
viroimmunological characteristics (i.e., failed sub-jects) or with comorbidities modifying the
immune response (i.e., cancer on chemotherapy) could help to individualize the risk of severe
disease in these frail subjects and to prescribe the more appropriate treatment in the case of SARS-
CoV-2 infection.

5. Conclusions

SARS-CoV-2 variants evolve rapidly, challenging the efficacy of vaccines and data on
comparative NtAb response may help in tailoring intervals between vaccine doses and in
predicting vaccine efficacy. NtAb titers are the best correlate of protection from severe COVID-19
[45] and live virus neutralization, despite the time consuming and requiring biosafety level 3
containment, remains the gold standard to investigate immunity in specific cohorts. In the HIV-
positive population, further studies are needed to define the role of the fourth vaccine dose and
what immunovirological parameters may impact the success of vaccination [38].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/vaccines11040871/s1, Table S1: Neutralizing antibody titers to B.1
and to BA.5 classified as outliers (n = 19). Data are expressed as ID50: reciprocal value of the sample dilution
that showed a 50% protection from the virus-induced cytopathic effect; Table S2: Raw data and comparison
after outlier (n = 13) removal.
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Abstract: Newly emerging SARS-CoV-2 variants may escape monoclonal antibodies (mAbs) and antiviral
drugs. By using live virus assays, we assessed the ex vivo inhibition of the B.1 wild-type (WT), delta and
omicron BA.1 and BA.2 lineages by post-infusion sera from 40 individuals treated with
bamlanivimab/etesevimab (BAM/ETE), casirivimab/imdevimab (CAS/IMD), and sotrovimab (SOT) as well
as the activity of remdesivir, nirmatrelvir and molnupiravir. mAbs and drug activity were defined as the
serum dilution (ID50) and drug concentration (IC50), respectively, showing 50% protection of virus-
induced cytopathic effect. All pre-infusion sera were negative for SARS-CoV-2 neutralizing activity.
BAM/ETE, CAS/IMD, and SOT showed activity against the WT (ID50 6295 (4355–8075) for BAM/ETE;
18,214 (16,248–21,365) for CAS/IMD; and 456 (265–592) for SOT) and the delta (14,780 (ID50 10,905–
21,020) for BAM/ETE; 63,937 (47,211–79,971) for CAS/IMD; and 1103 (843–1334) for SOT). Notably, only
SOT was active against BA.1 (ID50 200 (37–233)), whereas BA.2 was neutralized by CAS/IMD (ID50 174
(134–209) ID50) and SOT (ID50 20 (9–31) ID50), but not by BAM/ETE. No significant inter-variant IC50

differences were observed for molnupiravir (1.5  0.1/1.5  0.7/1.0  0.5/0.8  0.01 M for
WT/delta/BA.1/BA.2, respectively), nirmatrelvir (0.05  0.02/0.06  0.01/0.04  0.02/0.04  0.01 M) or
remdesivir (0.08  0.04/0.11  0.08/ 0.05  0.04/0.08  0.01 M). Continued evolution of SARS-CoV-2
requires updating the mAbs arsenal, although antivirals have so far remained unaffected.

Keywords: SARS-CoV-2; mAbs; nirmatrelvir; remdesivir; molnupiravir; microneutralization assay; cell-
based assay; omicron sublineages

1. Introduction

While worldwide vaccination has played a key role in the global control of COVID-19, both
natural and vaccine-induced immunity have been shown to wane rapidly and be subject to
escape by divergent virus variants [1,2]. In addition, a proportion of individ-uals could not be
vaccinated due to specific underlying morbidity or personal choice. Thus, development of
therapeutics for treatment and prevention of COVID-19 has been set as a public health priority,
delivering at fast pace a number of monoclonal antibodies (mAbs) targeting the virus spike
protein as well as three small molecule antivirals interfer-
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ing with SARS-CoV-2 RNA synthesis (remdesivir, molnupiravir) or polyprotein cleavage
(nirmatrelvir).

The viral enzymes have a high degree of conservation across SARS-CoV-2 lineages, thus
antiviral activity is expected to be unaffected by viral variants, as preliminarily shown by limited
in vitro data [3,4]. By contrast, the recent spread of the highly divergent SARS-CoV-2 omicron
lineages has changed the landscape of mAbs activity with respect to previ-ous virus variants.
Namely, the BA.1 lineage lost susceptibility to the first developed bam-lanivimab/etesevimab
(BAM/ETE) and casirivimab/imdevimab (CAS/IMD) therapeutic mAbs combos as well as to the
prophylactic cilgavimab/tixagevimab (CIL/TIX) combo while remaining partly sensitive to
sotrovimab (SOT). However, SOT further decreased ac-tivity against the subsequent BA.2 variant
which appears to have restored susceptibility to CIL and partly to IMD. Data about mAbs
susceptibility for the minor BA.3 and the recently detected BA.4 and BA.5 lineages are scanty,
with preliminary evidence for SOT activity against BA.3 [5] and partial or limited CIL activity
against BA.4 and BA.5 [6,7]. According to the latest COVID-19 treatment guidelines
(https://files.covid19treatmentguidelines.nih.
gov/guidelines/covid19treatmentguidelines.pdf; updated 17 June 2022), the administra-tion
of BAM/ETE, CAS/IMD, and SOT mAbs is not recommended, due to the expected lack of
activity against the dominating omicron lineages. Bebtelovimab, which retains activity
against all SARS-CoV-2 variants, remains the only mAbs approved by the FDA and submitted
for approval to the EMA for emergency use for treatment of COVID-19. In addition, CIL/TIX can
be administered as pre-exposure prophylaxis.

It must be noted that due to the pressure to deliver effective treatments, mAbs activity on
contemporary SARS-CoV-2 lineages is inferred exclusively from in vitro data, while pivotal
clinical trials were conducted during epidemic waves dominated by virus variants which have
later disappeared. In addition, in vitro data have been generated by different
methods including a variety of live virus or pseudovirus neutralization assays and surrogate tests
such as SARS-CoV-2 spike binding measured by enzyme immunoassay or surface plasmon
resonance. This has generated some data inconsistency across studies. In this study, we
expanded our previous work [8] based on an ex vivo approach to test the licensed
therapeutic mAbs BAM/ETE, CAS/IMD, and SOT against the omicron BA.1 and BA.2 lineages as
well as against the ancestral B.1 strain and the previously dominating delta variant. By
examining mAbs activity in post-infusion sera from treated patients in an authentic in vitro
neutralization assay, we provide the best surrogate data for in vivo activity. Moreover, we
tested on the same SARS-CoV-2 variants the three licensed antivirals, both with and without the
P-glycoprotein (P-gp) inhibitor CP-100356, to further define their resilience to virus variability
and current therapeutic potential.

2. Materials and Methods
2.1. Patients and Sera

The study was approved by the local Ethics Committee and written informed consent was
obtained from all the patients enrolled (Neutro-COVID observational study, protocol number
4069/21). The study was conducted in accordance with the Declaration of Helsinki. Patients
undergoing mAbs treatment were enrolled consecutively and selected based on undetectable
NtAb before therapy, independently from their vaccination status. A pair of patient sera was
collected, one before (baseline to comply with the negative NtAb selection criterion) and another
one-hour post mAbs infusion (to test mAbs activity against the different virus variants).
Thirty sera from a previous study [8] were included with their original NtAb values, although
a random selection of 15 sera were retested against the wild-type virus to ensure consistency
across the two studies, yielding comparable results.

2.2. Cells and Viral Stocks

VERO E6 (CRL 1586TM ATCC®, Gaithersburg, MA, USA), an adherent cell line de-rived from
African green monkey kidney, was used to propagate and titrate the viral stocks as previously
described [9]. The same cell line was used in the live virus microneutral-
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ization and drug susceptibility assays. VERO E6 cells were propagated in DMEM High Glucose
(Euroclone, Pero, Italy) supplemented with 10% Fetal Bovine Serum (FBS, Eu-roclone, Pero,
Italy) and 1% of Streptomycin/Penicillin (PS) (Euroclone, Pero, Italy) in a humified incubator
at 37 C with 5% of CO2. The same medium, containing 1% of FBS instead of 10% (infection
medium), was used in all viral infection experiments. Uninfected cell cultures were handled in a
Biosafety Level 2 (BSL2) laboratory, whereas all the infec-tion experiments were performed in a
BSL3 containment. The SARS-CoV-2 B.1 (D614G) wild-type, delta and omicron BA.1 and BA.2
stocks, used to challenge the mAbs sera in neutralization experiments and to determine the
antiviral activity of drug compounds in drug susceptibility assays, are detailed in
Supplementary Table S1. Before performing the neutralization and phenotypic experiments, six
replicates of 5-fold serial dilution of each viral stock were titrated in VERO E6 cells to determine
the Tissue Culture Infectious Dose per milliliter (TCID50/mL), which is defined as the amount of
virus required to infect 50% of replicate cell cultures as previously described [9]. The cytopathic
effect and consequently the TCID50/mL was determined by luminescence as described below. In
addition, each viral stock was initially quantified by plaque assay as previously published [9].

2.3. Live Virus Microneutralization Assay

Microneutralization experiments were performed as previously described [8]. Briefly, after
inactivation at 56 C for 30 min, the patient serum was prediluted 1:5 and two-fold serial
dilutions were prepared in 96-well format. One hundred 50% TCID50 of each SARS-CoV-2 viral
stock were added to the sera and incubated at 37 C with 5% CO2 for 1 h. Then, serum-virus
mixtures were added to 5000 pre-seeded VERO E6 cells in 96-well plates and incubated at 37 C with
5% CO2. After 72 h, the ability of sera to neutralize the virus was determined measuring the cell
viability by the CellTiter-Glo 2.0 Luminescent Cell Viability Assay (Promega, Madison, WI,
USA) with the GloMax® Discover Multimode Microplate Reader (Promega, Madison, WI, USA)
and the mAbs neutralization titer was expressed as the serum dilution corresponding to half-
maximal inhibition of virus-induced cell death (ID50). Sera below 5 ID50 were scored as not
neutralizing and given a 2.5 value for statistical analysis.

Each serum was tested in technical duplicates in two independent experiments. Each plate
included: (i) a mock infection control (uninfected cells); (ii) a virus control (infected cells
without patient serum); (iii) a known SARS-CoV-2 neutralizing serum (positive con-trol),
yielding a median titer of 69 (59.3–69.9) in five independent runs. In addition, the virus test
dose was confirmed by back titration, consisting of two-fold serial dilutions of each viral stock
(100, 50, 25, 12.5, and 6.25 TCID50). The virus test dose was considered acceptable if the back-
titration results were positive in at least 3 subsequent virus dilutions. For a run to be valid, the
coefficient of variation for the technical duplicates and for the two independent experiments
had to be both below 30%. The initial validation of the assay was performed with the First
WHO International Standard [10] anti-SARS-CoV-2 immunoglobulin (Version 3.0, Dated 17
December 2020; code 20/268 NIBSC, Ridge, UK).

2.4. Drug Susceptibility Assay

The P-gp inhibitor CP-100356 hydrochloride (MCE® cat. HY-108347 distributed by DBA,
Milan, Italy), Remdesivir (MCE® cat. HY-104077 distributed by DBA, Milan, Italy), Nirmatrelvir
(MCE® cat. HY-138687 distributed by DBA, Milan, Italy) and EIDD-1931 (MCE® cat. HY-125033
distributed by DBA, Milan, Italy), the active form of molnupiravir, were supplied as powder and
dissolved in 100% dimethyl sulfoxide (DMSO). The VERO E6 cytotoxicity of CP-100356
hydrochloride alone and of the three antiviral drugs both with and without the addition of 0.5
M CP-100356 was determined by the Cell Titer-Glo 2.0 Luminescent Cell Viability Assay (Promega)
according to the manufacturer’s protocol. The luminescence values obtained from cells treated
with the antiviral compounds or DMSO were measured through the GloMax® Discover
Multimode Microplate Reader (Promega), normalized with luminescence emitted by
untreated cells, and elaborated
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with the GraphPad PRISM software version 6.01 (La Jolla, CA, USA) to calculate the half-
maximal cytotoxic concentration (CC50). Based on the CC50, a non-toxic dose corresponding to 90–
100% cell viability was used for each compound as the maximum concentration in the antiviral
assays.

To determine the antiviral activity of the drugs, 4-fold decreasing concentrations of
remdesivir, nirmatrelvir and EIDD-1931 were added to 5000 pre-seeded VERO E6 cells as described
[11] and viral isolates were used at MOI 0.005 (corresponding to 100 TCID50) to infect the cultures
after one hour. After 72 h incubation, antiviral drug activity was deter-mined by measuring cell
viability with the Cell Titer-Glo protocol as described above and expressed as half-maximal
inhibitory drug concentration (IC50). Infected and uninfected cells without drugs were used to
calculate the 100% and 0% of viral replication, respectively. Drugs were tested in technical
duplicates in at least two independent experiments. The experiments were performed in the
absence and in the presence of the P-gp inhibitor to evaluate the impact of the efflux system on
the different compounds. The P-gp inhibitor concentration was set at 0.5 M based on
cytotoxicity data (Supplementary Figure S1) and previous literature [11,12].

2.5. Statistical Analysis

Data were expressed as median followed by interquartile range [IQR] as appropriate
for the distribution of data based on the Shapiro–Wilk test for normality. The Kruskal–Wallis test
followed by Mann–Whitney test post hoc analysis was used to compare independent groups,
whereas the Friedman test followed by Wilcoxon Rank Sum test post hoc analysis was used to
compare multiple paired data.

3. Results
3.1. mAb Treated Patients

Of 50 subjects screened, 40 were enrolled (19 males, 59.8  17.7 years) including 6 who were
previously vaccinated but lacked NtAb at baseline. Of these, 5 had haemato-oncologic disease and
the remaining one was a 69-year-old male with underlying hypertension, chronic ischemic
cardiomyopathy, dyslipidemia. Only one of the enrolled patients was asymptomatic whereas
the others had mild symptoms of SARS-CoV-2 infection including fever (67.5%, n = 27), cough (65.0%,
n = 26), headache (37.5%, n = 15), arthomyalgia (30.0%, n = 12), dysgeusia (17.5%, n = 7),
gastrointestinal disorders (12.5%, n = 5), and dyspnea (5.0%, n = 2). Comorbidities and detailed
information about enrolled individuals are indicated in Supplementary Table S2. Patients
were treated with BAM/ETE (n = 12), CAS/IMD (n = 14), or SOT (n = 14) starting 3.7  1.6 days from
diagnosis.

Two patients were hospitalized (one in BAM/ETE and one in the CAS/IMD group), the
others resolved SARS-CoV-2 infection without clinical complications. The time from mAb
infusion to SARS-CoV-2 RNA negativization was available only in 22 individuals treated with
BAM/ETE (n = 11) or CAS/IMD (n = 11) and was not significantly different with the two
cocktails (15 vs. 13 days for BAM/ETE and CAS/IMD, respectively).

3.2. Neutralizing Activity of mAbs against Different Viral Variants
In post-infusion sera, BAM/ETE, CAS/IMD, and SOT showed activity against the wild

type (6295 (4355–8075) ID50 for BAM/ETE; 18,214 (16,248–21,365) ID50 for CAS/IMD; and 456 (265–
592) ID50 for SOT) and the delta (14,780 (10,905–21,020) ID50 for BAM/ETE, 63,937 (47,211–79,971)
ID50 for CAS/IMD, and 1103 (843–1334) ID50 for SOT). However, BA.1 was neutralized only by
SOT (200 (37–233) ID50) whereas BA.2 was neutralized by CAS/IMD (174 (134–209) ID50) and SOT
(20 (9–31) ID50), but not by BAM/ETE (Figure 1).
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Figure 1. Ex vivo anti-SARS-CoV-2 wild type, delta, omicron (BA.1 and BA.2) neutralizing anti-body titers
measured in sera from 40 patients following infusion of bamlanivimab/etesevimab,
casirivimab/imdevimab, or sotrovimab monoclonal antibodies. Blue dots, red squares and green triangles
represents patients treated with bamlanivimab + etesevimab, casirivimab + indevimab and sotrovimab,
respectively. Paired data were analyzed by the non-parametric Wilcoxon Signed Rank Sum test. NtAb titers
before infusion were negative against each variant tested (not shown in figure). NtAb: neutralizing
antibody; ID50: the reciprocal value of the sera dilution showing the 50% protection of virus-induced
cytopathic effect; WT: wild type.

When NtAb titers were analyzed as fold-change (FC) with respect to the wild-type strain,
BAM/ETE, CAS/IMD and SOT neutralized the delta variant with 2.5 (1.8–3.6), 3.5 (2.4–5.1) and 2.1
(1.6–3.4) FC increase, respectively (all p < 0.001). With respect to wild type, SOT neutralizing
activity decreased more with BA.2 (23.9 (14.2–43.5) FC) than with BA.1 (2.8 (1.1–4.1) FC) (p < 0.001).
The partially regained activity of CAS/IMD against BA.2 was 99.3 (91.8–138.5) fold lower than
that against the wild-type virus, a larger FC decrease compared with SOT (p < 0.001), although
the absolute NtAb titer of CAS/IMD remained higher than that of SOT, due to the lower dosage
and/or intrinsic activity of the latter. Indeed, NtAb titers were significantly higher for
CAS/IMD vs. BAM/ETE and for both CAS/IMD and BAM/ETE vs. SOT against the wild-type and
delta virus, as well as for CAS/IMD vs. SOT against BA.2 (p < 0.001 for all comparisons).

3.3. Antiviral Activity of Nirmatrelvir, Molnupiravir and Remdesivir in VERO E6

Table 1 shows the cytotoxicity and the antiviral activity data for EIDD-1931, nirma-
trelvir and remdesivir. No significant differences were observed for any drug IC50 across the viral
variants considered. The impact of the P-gp inhibitor, as measured with the wild-type virus, was
negligible with EIDD-1931 but highly relevant with remdesivir and nirmatrelvir, resulting in
increased antiviral activity by 88- and 126-fold, respectively (Figure 2).
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Table 1. Anti-SARS-CoV-2 activity of EIDD-1931 (the active form of molnupiravir), remdesivir and
nirmatrelvir in VERO E6 cells. Compounds were tested in absence of P-gp inhibitor (CP-100356
hydrochloride) against wild-type strain and in presence of 0.5 M P-gp inhibitor against Wild Type (WT),
Delta, BA.1, and BA.2 variants. CC50: half-maximal toxic drug concentration; IC50: half-maximal
inhibitor drug concentration; SD: Standard Deviation.

Compound

EIDD-1931

EIDD-1931 plus P-gp
inhibitor

Nirmatrelvir

Nirmatrelvir plus
P-gp inhibitor

Remdesivir

Remdesivir plus P-gp
inhibitor

CC50 (M)

40.6  3.7

43.3  6.0

69.6  1.0

40.7  4.4

205.0  35.4

17.2  0.2

IC50 WT (M)
Mean  SD

1.10  0.10

1.50  0.10

5.80  0.80

0.05  0.02

6.90  2.30

0.08  0.04

IC50 Delta (M)
Mean  SD

1.50  0.70

0.06  0.01

0.11  0.08

IC50 BA.1 (M)
Mean  SD

1.00  0.50

0.04  0.02

0.05  0.04

IC50 BA.2 (M)
Mean  SD

0.80  0.01

0.04  0.01

0.08  0.01

Figure 2. Comparison between antiviral activity of EIDD-1931, Nirmatrelvir and Remdesivir against wild-
type SARS-CoV-2 virus with (0.5 M) or without the addition of P-gp inhibitor. On the x-axis is indicated the
micromolar drug concentration in logarithmic scale. The horizontal dashed line indicates the drug IC50

corresponding to 50% cell viability whereas the dashed curves indicate the dose response fitting curve
generated by GraphPad PRISM software version 6.01 (La Jolla, CA, USA).

4. Discussion

Despite a limited evolutionary rate, continuous massive worldwide replication of SARS-CoV-
2 has generated an array of mutants, with new variants typically outpacing past
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lineages and quickly becoming dominant [13]. Not surprisingly, most mutations in evolu-
tionarily successful variants have occurred in the spike glycoprotein resulting in improved virus
entry and increased transmissibility [14]. First detected in late 2021, the omicron variant led
a major shift in SARS-CoV-2 evolution [15], driven by an unprecedented number of spike
mutations and further evolving into a constellation of related lineages including BA.1, BA.1.1,
BA.2 and later BA.3, BA.4 and BA.5, with some sublineages spreading faster than others in specific
countries such BA.2.12.1 in the US [6]. A major consequence of omicron divergence from past
lineages is the markedly reduced neutralization by sera from individuals recovering from
natural infection with previously dominating variants and/or immunized with vaccines
derived from the ancestral virus strain [16]. Likewise, several mAbs based on virus
variants dominating the first epidemic waves have lost activity against omicron lineages [17].

Unlike the other licensed mAbs, SOT was derived from the antibody repertoire of an
individual recovered from SARS-CoV in 2003 and shown to be cross-reactive to SARS-CoV-2, thus
targeting a highly conserved domain [18]. Indeed, when compared with BAM/ETE and
CAS/IMD, SOT had the smallest-fold decrease in activity against omicron BA.1 and BA.2 with
respect to the ancestral reference virus, both in previous in vitro studies [19,20] and in this ex
vivo study. However, we observed higher absolute NtAb titers to BA.2 with CAS/IMD
compared to SOT in our ex vivo assay. This apparently contradictory result likely derived from
the combination of three factors. First, IMD may have residual activity against BA.2, despite a
fold decrease with respect to the ancestral virus ranging from 20 to 500 [4,19–21]. Second, the in
vivo dosage of CAS/IMD is higher than that of SOT (1200 plus 1200 mg vs. 500 mg). Third, the
intrinsic in vitro neutralizing activity of SOT is one order of magnitude lower than that of CAS
or IMD, as indicated by EC50 values with the susceptible wild-type virus [3,22,23].

At present, it is unclear how this expected activity, for both SOT and CAS/IMD, can
translate into clinical benefit with BA.2 infection. It must be emphasized that in vitro
neutralization assays can capture just one component of the mAbs activity. Indeed, unlike other
mAbs, neither SOT nor CAS/IMD have been engineered to remove effector functions such as
engagement of Fc receptors, and SOT was recently shown to trigger antibody-dependent
cytotoxicity and phagocytosis [5,24]. Of note, both SOT and CAS/IMD, as well as CIL/TIX, have
been recently reported to curb experimental disease progression in the BA.2 infected hamster
model, as shown by decreased infectious virus titer in the lungs by a factor which was comparable
with the D614G infected control animals [25].

As opposed to mAbs variant-dependent activity, it was reassuring to confirm that the
three licensed antivirals retain their full potency in vitro against the BA.1 and BA.2 omicron
lineages. Of note, there has been only one report documenting this activity against the currently
dominating BA.2 variant in vitro [4]. While VERO cells were used both in the previous and in
our study, we extended the analysis by testing drug activity both in the presence and in the
absence of the CP-100356 hydrochloride P-gp inhibitor. This is important because VERO cells
overexpress P-gp, a condition which should not occur in human SARS-CoV-2 cell targets in vivo.
In addition, nirmatrelvir is administered in vivo together with ritonavir which inhibits the
P450 cytochrome CYP3A4 isoenzyme as well as P-gp [26]. Our results without the P-gp inhibitor
closely matched the activity shown in the previous in vitro work under the same experimental
conditions but we also showed that under P-gp inhibitor treatment the activity is enhanced
around 100-fold for nirmatrelvir and for remdesivir. In addition, we comprehensively tested
the cytotoxicity of the P-gp inhibitor in the same cell line, both alone and in combination
with the different drugs, thus analyzing drug/P-gp inhibitor interactions. Indeed, the P-gp
inhibitor decreased cell viability by 20% at 2 M, a concentration which has been used in some
of the previous studies evaluating the antivirals against past virus lineages [27,28]. This data
helps to define how to measure antiviral activity of current and future antivirals.
Thus, our work strengthens the concept of resilience to SARS-CoV-2 variability with antivirals as

opposed to the continuous challenge with mAbs. However, both antivirals
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and mAbs should be retested with any new virus variant. We believe our work contributes to the
need to set technical aspects and procedures to comprehensively define the potential of the
antiviral armamentarium, including mAbs and small molecules, and keep pace with virus
variability during the ongoing pandemic.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/v14071374/s1, Table S1: Lineage classification of strains included in the study, accession number
and spike identified mutations. Table S2: Clinical features of enrolled individuals. Figure S1: Cytotoxicity of the
P-gp inhibitor CP-100356 in VERO E6 cells.
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