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1. ABSTRACT 
 

Since the SARS-CoV-2 outbreak at the end of December 2019 in China, it has become 

extremely important to have well‐established and validated diagnostic and research-use-only 

assays for this new emerging virus. The microneutralization assay is a fundamental serological 

test in virology, immunology, vaccine assessment and epidemiological studies, and represents 

one of the most used methods to evaluate the immune response induced by SARS-CoV-2 

infection or vaccination. 
In this Phd project different microneutralization methods are presented which can be used to 

measure anti‐SARS‐CoV‐2 neutralizing antibodies (nAbs) in human serum samples. The aim of 

the first project of this thesis (Project I) was to compare a microneutralization assay (MN) with 

a read out based on the cytophatic effect (CPE) and a MN based on a colorimetric read out 

for the detection of nAbs against SARS-CoV-2 Wild type strain. In the first method the cell 

monolayers were microscopically inspected for inhibition of CPE at each serum dilution 

(subjective method), while in the MN based on a colorimetric read out the healthy cell 

monolayer was stained with neutral red solution, a vital dye. The plates were then read by a 

spectrophotometer at 540 nm (objective method). A panel of 83 human serum samples were 

previously tested in enzyme‐linked immunosorbent assay (ELISA) as a pre‐screening. All the 

samples found to be positive, borderline, and negative in this ELISA were then tested to 

determine the nAbs titers through the MN CPE and Colorimetric MN. The comparison 

between log2-trasformed MN titers obtained through these two methods showed 

comparable values, and the strong agreement in evaluating neutralizing antibodies against 

SARS-CoV-2 Wild type strain was also confirmed by Correlation (r2=0,9955), Bland-Altman, 

and intra-class correlation (ICC) analysis (ICC value of 0.993, which is indicative of an excellent 

agreement). This suggests the suitability of performing the MN assay using an ‘objective’ 

colorimetric-based read out method.  

To better investigate if the classical MN CPE yielded similar results to those obtained with 

other MN methods, we compared this “classical” MN to a new MN platform: the Virospot MN 

assay (Project II). This method combines classic virus culture techniques with automated 

sensitive detection of immunostained virus infected cells. In the Virospot MN, a virus-specific 

immunostaining was used for plate reading and then the images of all wells were acquired by 

a CTL ImmunoSpot analyzer. The 80% (MN80) or 90% (MN90) neutralization titers are 

calculated according to the method described by Zielinska et al. 2005. This titer calculation is 

based on the serum dilutions above and below the reduction point, 80% or 90% 

neutralization. The MN CPE and Virospot methods were compared using a panel of 47 human 

serum samples against SARS-CoV-2 Wild type and Alpha variant. The results of this project 

showed that the these two different MN assays produce similar titer results against the Wild 

Type virus, with good correlation values (correlation MN80 r2=0,9091; correlation MN90 

r2=0,8900). A lower agreement between the MN CPE and Virospot MN assay was observed 
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when SARS-CoV-2 Alpha variant was used (correlation MN80 r2=0,7226; correlation MN90 

r2=0,6673).  

Overall, these results showed a good agreement between the MN CPE assay and the two 

different MN methods, Colorimetric MN and Virospot MN assay, in detecting neutralizing 

antibodies against SARS-CoV-2 in human serum samples.   

Despite the need for further standardization and/or the differences noticed during the 

assessment of nAbs against SARS-COV-2 variants, the Colorimetric-based and Virospot MN 

demonstrate to have advantages over the classical MN CPE, both being completely 

automated methods, and hence offering a higher throughput, while inspection of each 

dilution well by means of the optical microscope slows down the process. However, to ensure 

that these correlation studies can provide meaningful results, further analysis with a bigger 

number of samples and with other SARS-CoV-2 variants would be an added value. Moreover, 

to make the data more comparable it would be necessary convert all the results to 

international standard unit (IU/mL) allowing the accurate calibration of assays to an arbitrary 

unit, thereby reducing inter-laboratory variation, and creating a common language for 

reporting data.  

The SARS-CoV-2 Virospot MN assay offers attractive advantages over the MN assay with a 

read out based on the cytophatic effect, including the relative insensitivity to variation in 

amount of infectious virus used in the test, independence from virus replication kinetics and 

suitability for high throughput analyses.  

Since many new SARS-CoV-2 variants occurred during the last two years, to make the Virospot 

more sensitive and robust in detecting neutralizing antibodies against these new variants, the 

third project (Project III) focused on the optimization study of this MN assay. Several new 

conditions were adapted to optimize the method and make it more sensitive for the analysis 

of samples against the Wild Type, Alpha, Beta, and Gamma SARS-CoV-2 variants. 

Carboxymethyl cellulose (CMC) overlay was introduced to make the spot count more accurate 

avoiding the viral spread after the first infection. Moreover, different sample matrices (serum 

and plasma), culture media with and without the CO2 supplementation, and different 

incubation time points and temperatures were assessed to evaluate and improve the assay 

performance and robustness.  

This optimization study has a planned follow-up, which can possibly include samples not only 

from infected/convalescent individuals but also from vaccinated donors (with two or more 

doses) or from people with hybrid immunity (such as breakthrough infections). Additionally, 

further analyses with additional SARS-CoV-2 variants to strengthen these finding will also be 

part of the next study. This project is worth to be conducted as the Virospot MN assay is likely 

to have importance for the pre-clinical evaluation and eventual licensing of the SARS-CoV-2 

vaccines. 
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2. INTRODUCTION 

 

2.1 New emerging viruses: viral evolution and genetic 

host shift 
 

Since the first descriptions of AIDS in the early 1980s, much has been written about the causes 

and consequences of emerging viral diseases. Although research efforts, viral infections 

continue to appear in human and wildlife populations. Defining emerging viruses as those 

that have just appeared or have recently increased in prevalence and/or geographical range 

reveals some important general patterns.  First, almost all emerging viruses have RNA rather 

than DNA genomes, although RNA viruses are normally more common than DNA viruses. 

Secondly, almost all emerging viruses have an animal reservoir, such that the viral emergence 

process can usually be classified as transmission between species. For instance, type 1 HIV 

(HIV-1), the leading cause of AIDS, has its origins in the related simina immunodeficiency virus 

(SIV) present in chimpanzees, while severe acute respiratory syndrome (SARS-CoV) 

coronavirus has close relatives in Himalayan palm owls, although it is not yet established 

whether these are the population of origin for the human form of the virus. In many cases, 

the specific cause of the emergence - i.e virus crossing from animals to humans - can be 

assigned to ecological factors, often related to changes in land use and deforestationChanges 

in the proximity of donor and receiving populations (so that humans have a greater chance of 

exposure to animal pathogens), or changes in the size and density of donor and receiving 

populations (which increases both exposure and the likelihood that sustained transmission 

networks will be established once a virus has entered a new species) are important causes of 

new viral diseases emergence in humans.1   

The elemental nature of the evolutionary interaction between host and pathogen is 

fundamental to understand the mechanics of viral emergence. Basically, different viruses or 

strains within a specific viral family may differ in their ability to recognize the cell receptors of 

a new host species or in their ability to successfully transmit between individuals in the new 

host species.1 It is this fact that gives RNA viruses an evolutional advantage, the mutation 

rates of RNA viruses are many orders of magnitude greater than those of their DNA 

counterparts. They have a relatively high mutation rate in the order of 10−6–10−4 substitutions 

per nucleotide site per cell infection, and they have evolved by developing various 

proofreading mechanisms. Indeed, viral replication can be an imprecise and discontinuous 

process. The rapid insertion of bases during RNA elongation may be subject to 

misincorporation of mismatched nucleotides, leading to RNA-dependent RNA-polymerase 

(RdRp) dysfunction.45 Similarly, while many DNA viruses lead to persistent infections in their 

hosts, many RNA viruses generate acute infections. This is critical to the viral emergence 

process because a short duration of infection means that the most likely way for RNA viruses 
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to infect new host species is through cross-species transmission, rather than long-term co-

species, which is usually associated with persistence. It may seem strange that with their 

considerable mutation power RNA viruses are unable to exploit any adaptive solution. 

Ironically, the adaptive constraints faced by RNA viruses can be a function of their high 

mutation rates, as this can limit their genome size, which in turn hinders their ability to 

increase complexity. The causal link between mutation rate and genome size can be made by 

invoking the concept of "error threshold". This theory was first introduced by Eigen as a crucial 

element in the evolution of early RNA replicators, although it can actually be extended to any 

living system.1The rapid evolution of RNA viruses complicates the management of chronic 

infections and the control of emerging infectious agents. The ongoing global AIDS pandemic 

and the resurgence of influenza highlight the difficulties associated with these genetically 

labile pathogens. RNA viruses have also been responsible for recent sporadic epidemics of 

emerging and reemerging viral diseases including dengue, West Nile fever, and Ebola.13 

Emerging infectious diseases affecting humans, wildlife, and agriculture are often the result 

of a pathogen jumping from its original host into a novel host species. Host shifts have 

resulted in multiple human pandemics, such as HIV from chimps and the H1N1 ‘‘Spanish flu’’ 

from birds, which have both killed tens of millions of people.NA viruses are the most likely 

group of pathogens to jump between hosts, possibly because of their ability to rapidly adapt 

to new hosts. The susceptibility of potential hosts varies enormously, and an important 

predictor of susceptibility is how closely related a novel host is to a pathogen’s natural host. 

Reconstructions of host shifts in nature have confirmed that pathogens are more likely to shift 

between closely related species. Accordingly, the high mutation rate of RNA viruses could 

explain why they shift host more frequently than other pathogens.2 

2.1.1 Antigenic drift and shift 

The potential for genetic variability of RNA viruses has long been considered to be 

fundamental to their evolution, adaptation and escape from host responses. However, the 

effects of changes in replication fidelity, susceptibility to accumulation of deleterious 

mutations and lethal mutagenesis are not well studied for many viruses. Genetic 

determinants including size of genome and presence of repair mechanisms such as 

proofreading, replicase fidelity and recombination, as well as other as yet undetermined 

factors may have evolved quite differently in distinct virus families. The high mutation rates 

of RNA viruses also render them particularly susceptible to repeated genetic bottleneck 

events during replication, transmission between hosts or spread within a host, resulting in 

progressive deviation from the consensus sequence associated with decreased viral fitness 

and sometimes extinction.46  

A major step that allowed genome expansion in coronaviruses (COVs) was the acquisition of 

a series of RNA-processing enzymes that improved the low fidelity of RNA replication. The 

expansion of the CoV genome has allowed the acquisition and maintenance of genes that 

encode different accessory proteins that can promote the adaptation of the virus to specific 

DocuSign Envelope ID: D8748998-8094-47F8-AC88-00BE4130D670



9 
 

hosts and often contribute to the suppression of immune responses, as well as virulence. 

Accessory proteins differ in number and sequence even among CoVs belonging to the same 

lineage, raising interesting questions about their origin and evolution. The acquisition or loss 

of novel protein-coding genes has the potential to drastically modify viral phenotypes. Thus, 

tracing these gain/loss events may help identifying important turning points in viral evolution. 

Clearly, CoV genomes do not only evolve by gene gains and losses, but also via subtler changes 

that modify protein sequences, and recombination has an important role in reassorting 

variants.  

From an evolutionary standpoint, nonstructural proteins have attracted less attention than 

the structural components. This is likely due to the fact that proteins exposed on the virus 

surface represent the preferential targets of the host immune response. Thus, analyzing and 

describing their variability and evolutionary dynamics has a clear relevance for the 

development of preventive strategies (e.g., vaccines) and of treatment options (e.g., 

administration of neutralizing antibodies). Moreover, structural proteins, and the S protein in 

particular, determine the first and essential steps in infection and most likely represent the 

major determinants of host and tissue tropism.11 

Nucleotide substitution has been proposed to be one of the most important mechanisms of 

viral evolution in nature (Figure 1). The rapid spread of SARS-CoV-2 raises intriguing questions 

such as whether its evolution is driven by mutations. Mutations in the spike surface 

glycoprotein might induce its conformational changes, which probably led to the changing 

antigenicity.12 The evolutionary dynamics of RNA viruses are complex and their high mutation 

rates, large population sizes and the rapid replication kinetics present a challenge to 

traditional population genetics. Quasispecies theory is a mathematical theory that was 

initially formulated to explain the evolution of life in the ‘‘precellular RNA world.’’13 This 

theory established a link between Darwinian evolution and information theory and 

represented a deterministic approach to evolution. It was soon recognized that such an 

approach had limitations due to the nondeterministic nature of mutagenesis and to statistical 

fluctuations.47 It is based on classical population genetics, but seeks to explore the 

consequences of error-prone replication and almost infinite population size for genome 

evolution. More recently, quasispecies theory has been used to describe the evolutionary 

dynamics of RNA viruses, and many of its predictions have been experimentally validated in 

model systems. Some of these observations challenge more traditional views of evolution and 

have profound implications for the control and treatment of viral diseases. Most viruses 

encode enzymes responsible for replicating their DNA or RNA genomes. The intrinsic error 

rate of replication determines the mutation rate for that virus and the range of genetic 

variation on which natural selection can act. Given the large population sizes observed in both 

experimental and natural infections, it is estimated that every possible point mutation and 

many double mutations are generated with each viral replication cycle and may be present 

within the population at any time.  
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Because RNA viruses exist as swarms of similar variants that are continuously regenerated by 

mutation of related sequences, our ability to predict the outcome of an infection or a 

therapeutic intervention from studies of isolated clones is limited. Even a defined molecular 

clone will quickly turn into a collection of related sequences when introduced into cells. This 

collection is the quasispecies and is organized around a master sequence. The genetic 

organization of populations is often depicted using the concept of sequence space, a 

geometric representation of all possible sequences where physical distance reflects genetic 

similarity. According to population genetics, the frequency of a given variant within a 

population is closely approximated by its ability to survive and reproduce—its fitness. The 

environment factors and its selective pressures determine the contours of the corresponding 

landscape, and adaptation to an environment involves a mutational walk from one point in 

the fitness landscape to another.13  

Between environmental factors, alterations resulting from human intervention 

(deforestation, agricultural activities, global climatic changes, etc.) may alter dispersal 

patterns and provide new adaptive possibilities to viral quasispecies.48 

 

Figure 1. Genomic organization of SARS-CoV-2 and pairwise nucleotide sequence alignment showing deletions in the 
ORF1ab polyprotein and in the 3′ end of the genome. Genetic analysis discovered three deletions in the genomes of SARS-
CoV-2 from Japan (Aichi), USA (Wisconsin), and Australia (Victoria) . Two deletions (three nucleotides and twenty-four 
nucleotides) were in the ORF1ab polyprotein, and one deletion (ten nucleotides) was in the 3′ end of the genome (from 
Elsevier Public Health Emergency Collection). 

Given their high mutation rates, it is not surprising that many discussions of RNA virus 

evolution focus on the relationship between genetic diversity and adaptability. While it is 

clear that RNA viruses have the capacity to quickly explore large regions of sequence space, 

genome size and selective constraints place significant limitations on the amount of diversity 

that is actually expressed. Most RNA virus genomes are relatively small and contain either 
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overlapping reading frames or sequences that serve both coding and structural functions. 

Similarly, coding mutations that mediate escape from host immune surveillance may 

compromise protein function.13 Given the high prevalence and wide distribution of 

coronaviruses, the large genetic diversity and frequent recombination of their genomes, and 

increasing human–animal interface activities, novel coronaviruses are likely to emerge 

periodically in humans owing to frequent cross-species infections and occasional spillover 

events.37 

2.2 SARS-CoV viruses and their epidemiology 
 

Soon after the first transmission emergence of SARS-CoV, from animals to humans in China in 

2003, a genetically evolved beta-coronavirus genus similar to human viruses was discovered 

in Chinese horseshoe bats. To date, pneumonia is epidemiologically caused by diverse viruses. 

For example, adenovirus, influenza virus, Middle East respiratory syndrome virus (MERS-CoV), 

parainfluenza virus, respiratory syncytial virus (RSV), SARS-CoV and enteric enveloped CoV 

can cause pneumonia in human hosts.   

Three coronaviruses have crossed the species barrier to cause deadly pneumonia in humans 

since the beginning of the 21st century: SARS-CoV, Middle East respiratory syndrome 

coronavirus (MERS-CoV), and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-

2).6 At the end of December 2019 in Wuhan, Hubei Province, China, a novel CoV strain, called 

SARS‐CoV‐2 by the International Committee on Taxonomy of Viruses (ICTV), caused 27 cases 

of pneumonia of unidentified etiology. Due to the rapid and uncontrollable spread of the virus 

in almost every country in the world, the World Health Organization (WHO) officially declared 

the pandemic status in March 2020 and reported the official terminology of the 2019-Novel 

Coronavirus (2019-nCoV) on 13 January 2020. On February 11th, WHO edited the name of 

the disease caused by 2019-nCoV to Coronavirus Disease-2019 (COVID-19).10 Whilst 

numerous comparisons can be drawn between SARS-CoV-2 and its predecessors (SARS-CoV 

and MERS-CoV, responsible for the SARS and MERS epidemics, respectively), SARS-CoV-2 has 

unquestionably proved to be the most deadly. 17 Unlike previous episodes of coronavirus 

spread, where it took months to identify the cause of infection and perform genome 

sequencing, advancement in science and technology made it possible to identify the causative 

organism swiftly. Within a few weeks of the outbreak, different laboratories across the world 

had sequenced the whole viral genome and had also provided structural and functional 

insights into the essential proteins required by the virus for its survival. These immediate 

scientific inputs helped with developing diagnostic kits and defining treatment strategies for 

effective prognosis and prevention.15 

Coronaviruses belongs to the subfamily Coronavirinae in the family of Coronaviridae and the 

subfamily contains four genera: Alphacoronavirus (α-CoV), Betacoronavirus (β-CoV), 

Gammacoronavirus (γ-CoV), and Deltacoronavirus (δ-CoV). The 2019 nCoV or Sars-Cov-2 
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belong to the β-CoV genus and are zoonotic and cause mammalian infection, causing 

respiratory disease in the human lung. The α-CoV and β-CoV genus target mammal hosts 

while the δ-CoV and γ-CoV genus target avians and certain mammals. The β-CoV genus has A, 

B, C and D lineages. Among these, lineage B includes SARS-CoV and SARS-CoV-2. Lineage C 

includes MERS-CoV. The B lineage SARS-CoV and C lineage MERS-CoV, which are classified as 

β-CoVs, exhibit lethal rates of 10% and 35% in humans, respectively.3 Coronaviruses are 

single-stranded RNA viruses easy to mutate, which increases the diversity of the species and 

give them the ability to rapidly adapt to new hosts. Nevertheless, the evolution and 

development of CoVs were not only the consequence of the coronavirus phylogeny and 

biology, but also the results of the interaction between CoVs and their hosts. Bats are the only 

mammals naturally capable of true and sustained flight. As bats have been identified to be 

the natural reservoirs of various emerging viruses (including SARS-CoV-2) the concept of 

zoonotic origin of important viral pathogens becomes widely accepted.4 

2.3 Pathogenesis 
 

SARS-CoV-2 is transmitted predominantly via fomites and respiratory droplets during close 

unprotected contact between the infected and uninfected. Symptomatic and asymptomatic 

patients are the main source of infection. The virus can also spread through indirect contact 

transmission - virus-containing droplets can contaminate hands, people then contact the 

mucous membranes of the mouth, nose, and eyes, causing infection.  

The transmission of SARS-CoV-2 is not limited to the respiratory tract. Some studies have 

demonstrated the aerosol transmission of SARS-CoV-2.6 Primary viral replication is presumed 

to occur in mucosal epithelium of upper respiratory tract (nasal cavity and pharynx), with 

further multiplication in lower respiratory tract and gastrointestinal mucosa, giving rise to a 

mild viremia.18 The major spread route of SARS-CoV-2 is person-to-person, it could happen in 

family, hospital, community, and other gathering of people. Most cases of the person-to-

person transmission of the early stage in China happened in family clusters. This kind of 

spreading has the possibility to occur during the incubation period. The most common 

manifestations of COVID-19 are fever and dry cough. The majority of the patients showed 

bilateral pneumonia. Old males with comorbidities are more likely to be affected by SARS-

CoV-2. The blood counts of patients showed leucopenia and lymphopenia.  

COVID-19 is divided into three levels according to the severity of the disease: mild, severe, 

and critical. The majority of patients only have mild symptoms and recover. Asymptomatic 

infection cases were also reported, but most of the asymptomatic patients went on to 

develop disease since the data of identification manifestations of COVID-19 and three 

different levels of COVID-19 divided according to the severity.6 Currently, COVID-19 patients 

are the main source of infection, and severe patients are considered to be more contagious 

than mild ones. Asymptomatically infected persons or patients in incubation who show no 

signs or symptoms of respiratory infection proven to shed infectious virus, may also be 
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potential sources of infection.14 Additionally, samples taken from patients recovered from 

COVID-19 continuously show a positive real time polymerase chain reaction (RT-PCR) test, 

which has never been seen in the history of human infectious diseases. In other words, 

asymptomatically infected persons and patients in incubation or recovered from COVID-19 

may pose serious challenges for disease prevention and control.5 However, the clinical 

manifestation surely depends on multiple factors, such as genetic background (HLA, gene 

polymorphisms–such as for Angiotensin-converting enzyme EC 3.4.15.1 , or ACE) and the 

individual variability in environmental/personal risk factors (age, smoking, diet, physical 

activity, vaccination scheme, contact history with other coronaviruses). Another general issue 

causally linked to the higher winter incidence of the respiratory disease relevant to innate 

immunity is vitamin supplementation and availability. The vitamin D could be the key factor 

with its multiple immunoregulatory functions in the combination with sun exposure.  

COVID-19 mortality and severity is not only gender, but also age-biased. It has been shown 

that SARS-CoV-infected old macaques had a stronger host response to virus infection than 

young adult macaques. They expressed higher levels of proinflammatory cytokines, whereas 

expression of IFNs type I was reduced. In contrast to the elevation of macrophages, a 

significant decrease of NK cells in severe cases of COVID-19 was detected. A significant 

increase of NKG2A expression in COVID19 patients was also observed. Upregulation of NKG2A 

was associated with the exhaustion of cytotoxic T cells and NK cells at the early stage of SARS-

CoV-2 infection, and therefore, was associated to severe disease progression. So far, the 

results suggest that in severe cases of COVID-19 myeloid cell lineages, especially 

macrophages, play prominent role in the disease progression through their overactivation, 

whereas NK cell activity is reduced.19 
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2.4 The structure of SARS-COV-2 
 

As a member of coronavirus family, the genome size of CoVs is approximately 29.9 kb. It is a 

single-stranded positive-sense RNA (+ssRNA) which is larger than any other RNA viruses.5 

 

Figure 2. Schematic diagram of SARS-CoV-2 virus structure and genome organization. (A) The viral surface proteins, spike 

(S), envelope (E), and membrane (M) are embedded in a lipid bilayer. The single stranded positive-sense viral RNA is 

associated with the nucleocapsid (N) protein. Diagram was created with BioRender. (B) The genome organization of SARS-

CoV-2 viral RNA, which is adapted from GenBank accession number: MN908947, is characterized by sequence alignment 

against two representative members of the betacoronavirus genus. The entire genome sequence is ∼30 kilobases (kb) long. 

 

Like other coronavirus, this virus has at least six extra open reading frames (ORFs) in its 

genome. The first ORFs (ORF1a/b) are about two-thirds of the whole genome length and 

encode 16 nonstructural proteins(nsp1-16). These ORFs produces two polypeptides, including 

p1a and pp1ab. One-third of the genome near the 3′ -terminus encodes four main structural 

proteins, including the nucleocapsid, spike, envelope, and membrane proteins (Figure 2).24 

The nucleocapsid protein (N) formed the capsid outside the genome and the genome is 

further packed by an envelope which is associated with three structural proteins: membrane 
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protein (M), envelope protein (E) and the spike protein (S).5 The N protein of coronavirus is 

multipurpose. Among several functions, it plays a role in complex formation with the viral 

genome, facilitates M protein interaction needed during virion assembly, and enhances the 

transcription efficiency of the virus. It contains three highly conserved and distinct domains, 

namely, an N Terminal-domain (NTD), an RNA-binding domain or a linker region (LKR), and a 

C Terminal domain (CTD). The NTD binds with the 3’ end of the viral genome, perhaps via 

electrostatic interactions, and is highly diverged both in length and sequence. It also 

modulates the antiviral response of the host by working as an antagonist for interferon (IFN) 

and RNA interference. The M protein is the most abundant viral protein present in the virion 

particle, giving a definite shape to the viral envelope. It binds to the nucleocapsid and acts as 

a central organizer of coronavirus assembly.  The coronavirus E protein is the most enigmatic 

and smallest of the major structural proteins. It plays a multifunctional role in the 

pathogenesis, assembly, and release of the virus. It is a small integral membrane polypeptide 

that acts as a viroporin (ion channel). The inactivation or absence of this protein is related to 

the altered virulence of coronaviruses due to changes in morphology and tropism.16 Nsp1 

mediates RNA processing and replication. Nsp2 modulates the survival signaling pathway of 

host cell. Nsp3 is believed to separate the translated protein. Nsp4 contains transmembrane 

domain 2 (TM2) and modifies ER membranes. Nsp5 participates in the process of polyprotein 

during replication. Nsp6 is a presumptive transmembrane domain. The presence of nsp7 and 

nsp8 significantly increased the combination of nsp12 and template-primer RNA. Nsp9 

functions as an ssRNA-binding protein. Nsp10 is critical for the cap methylation of viral 

mRNAs. Nsp12 contains the RNA dependent RNA polymerase (RdRp), which is a critical 

composition of coronavirus replication/transcription. Nsp13 binds with ATP and the zinc-

binding domain in nsp13 participates in the process of replication and transcription. Nsp14 is 

a proofreading exoribonuclease domain. Nsp15 has Mn(2+)-dependent endoribonuclease 

activity. Nsp16 is a 2’-O ribose methyltransferase. One study shows that there are some NSP-

mediated effects on splicing, translation, and protein trafficking to inhibit host defenses. 

Upon SARS-CoV-2 infection, NSP16 binds mRNA recognition domains of the U1 and U2 

snRNAs to suppress mRNA splicing. NSP1 binds to 18S ribosomal RNA in the mRNA entry 

channel of the ribosome to interfere with the translation of mRNA. NSP8 and NSP9 binds to 

the 7SL RNA which locates at the Signal Recognition Particle to disrupt protein trafficking to 

the cell membrane.  The coronaviruses entry into host cells is mediated by the 

transmembrane spike glycoproteins (S proteins) that form homotrimers protruding 

extensively from the viral surface.5 
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Figure 3. A) Schematic of SARS-CoV-2 spike protein primary structure. Different domains are shown by different colors. SS, 

single sequence; NTD, N-terminal domain; RBD, receptor-binding domain; SD1, subdomain 1; SD2, subdomain 2; S1/S2, S1/S2 

protease cleavage site; S2’, S2’ protease cleavage site; FP, fusion peptide; HR1, heptad repeat 1; CH, central helix; CD, 

connector domain; HR2, heptad repeat 2; TM, transmembrane domain; CT, cytoplasmic tail. The protease cleavage site is 

indicated by arrows. (B) Cryo-EM structure of the SARS-CoV-2 spike protein. The closed state (PDB: 6VXX) of the SARS-CoV-

2 S glycoprotein (left) the open state (PDB: 6VYB) of the SARS-CoV-2 S glycoprotein (right).  

 

2.5 Life Cycle 
 

Virus entry in mammalian cells proceeds in three steps: attachment and entry into the cell, 

transcription of viral replicase, genomic transcription and replication, translation of structural 

proteins, and virion assembly and release. First, the viral spike protein binds to a host through 

a recognized receptor or entry point. The S protein represents a classic class-I fusion protein, 

characterized by the presence of a trimer of α-helical coiled-coils in the protein’s active site. 

It is structurally similar to that of SARS-CoV and is the major viral determinant for host tropism 

by dictating cell entry through binding cellular receptors and initiating fusion, and hence 

infection.9  

Coronaviruses can bind to a range of host receptors, with binding conserved only at the genus 

level. SARS-CoV-2 has a high affinity for human ACE2, which is expressed in the vascular 

epithelium, other epithelial cells, and cardiovascular and renal tissues, as well as many others. 

The binding process is guided by the molecular structure of the spike protein, which is 

structured in three segments: an intracellular domain, ectodomain, and a transmembrane 

anchor.8 The intracellular domain shows a short intracellular tail. The ectodomain region has 

S1 subunit responsible for binding to the host cell receptor and S2 subunit for the fusion of 

the viral and cellular membranes. The S1 domain of spike protein acts as a major surface 

antigen. It contains NTDand CTD. The S1‐CTD acts as a receptor‐binding domain (RBD). The 

RBD interacts with the 18 residues of ACE‐2. RBDs are shielded by glycosylation which is 
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commonly observed in viral glycoproteins including S proteins from SARS‐CoV.7 The distal S1 

subunit comprises the receptor-binding domain(s) and contributes to stabilization of the 

prefusion state of the membrane-anchored S2 subunit that contains the fusion machinery. 

For all CoVs, S is further cleaved by host proteases at the so-called S2 0 site located 

immediately upstream of the fusion peptide.6 A cellular protein called transmembrane 

protease serine 2 (TMPRSS-2) carries out this cleavage.9 This cleavage has been proposed to 

activate the protein for membrane fusion via extensive irreversible conformational changes. 

As a result, coronavirus entry into susceptible cells is a complex process that requires the 

concerted action of receptor-binding and proteolytic processing of the S protein to promote 

virus-cell fusion.6 Cleavage at a second site within S2 by these same proteases activates S for 

fusion by inducing conformational changes (Figure 3). The viral membrane can then fuse with 

the endosomal membrane to release the viral genome into the host cytoplasm. Once the virus 

enters a host cell, the replicase gene is translated and assembled into the viral replicase 

complex. This complex then synthesizes the double-stranded RNA (dsRNA) genome from the 

genomic ssRNA(+). The dsRNA genome is transcribed and replicated to create viral mRNAs 

and new ssRNA(+) genomes (Figure 4). From there, the virus can spread into other cells. In 

this way, the genome of SARS-CoV-2 provides insight into the pathogenic behavior of the 

virus.7 
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Figure 4. The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Lifecycle. The SARS-related coronavirus 
lifecycle starts by the binding between the Spike protein to its receptor, angiotensin-converting enzyme 2 (ACE2). The cell 
entry then depends on: (i) cleavage of the S1/S2 site by the surface transmembrane protease serine 2 (TMPRSS2); and/or (ii) 
endolysosomal cathepsin L, which mediate virus–cell membrane fusion at the cell surface and endosomal compartments, 
respectively. Through either entry mechanism, the RNA genome is released into the cytosol and there  it is translated into 
the replicase proteins (open reading frame 1a/b: ORF1a/b). The polyproteins (pp1a and pp1b) are cleaved by a virus-encoded 
protease into individual replicase complex nonstructural proteins (nsps) (including the RNA-dependent RNA polymerase: 
RdRp). Replication begins in virus-induced double-membrane vesicles (DMVs) derived from the endoplasmic reticulum (ER), 
which ultimately integrate to form elaborate webs of convoluted membranes. Here, the incoming positive-strand genome 
then serves as a template for full-length negative-strand RNA and subgenomic (sg)RNA. sgRNA translation results in both 
structural proteins and accessory proteins (simplified here as N, S, M, and E) that are inserted into the ER–Golgi intermediate 
compartment (ERGIC) for virion assembly. Positive-sense RNA genomes are incorporated into newly synthesized virions, 
which are secreted from the plasma membrane.  
 

The genomic RNA (sgRNA) serves as a transcript and allows the cap-dependent translation of 

ORF1a producing polyprotein pp1a. Next, a slippery sequence and an RNA pseudoknot 

towards the end of ORF1a leads to 25–30% of the ribosomes to undergo frameshifting, hence 

continuing translation on ORF1b and producing a longer polyprotein pp1ab. The 

autoproteolytic cleavage of pp1a and pp1ab generates 15–16 nonstructural proteins (nsps) 

which possess specific functions. The RNA dependent RNA polymerase (RdRP) activity is 

encoded by nsp12, whereas the nsp3 and nsp5 respectively encodes papain-like protease 

(PLPro) and the main protease (Mpro). Then, nsp3, 4, and 6 induce the rearrangement of the 

cellular membrane to form double-membrane vesicles (DMVs), where the coronavirus 

replication transcription complex (RTC) is assembled and anchored. Programmed ribosomal 
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frameshifting (PRF) is possibly regulated by viral and host factors apart from the RNA 

secondary structures. A host RNA binding protein called annexin A2 (ANXA2) was shown to 

bind the pseudoknot structure within the infectious bronchitis virus (IBV) genome. In terms 

of DMVs formation and RTC assembly, several host factors of the early secretory pathway 

seem to be involved. Golgi-specific brefeldin A–resistance guanine nucleotide exchange 

factor1 (GBF1) and its effector ADP ribosylation factor 1 (ARF1) are both essential for normal 

DMV formation and efficient RNA replication of mouse hepatitis virus (MHV), a prototypic 

beta coronavirus which primarily infects mice. The RNA genome of SARS-CoV-2 works as a 

template for replicase to synthesize full-length antisense genome; this serves as a template 

for the synthesis of new genomic RNA.9 As the coronavirus S glycoprotein is surface-exposed 

and mediates entry into host cells, it is the main target of neutralizing antibodies (Abs) upon 

infection and the focus of therapeutic and vaccine design. S trimers are extensively decorated 

with N-linked glycans that are important for proper folding and for modulating accessibility 

to host proteases and neutralizing Abs.5-6 

 

2.6 Immune response against Sars-CoV-2 infection 
 

2.6.1 COVID-19 and innate immunity  

 

In spite of the fact that the precise mechanisms of interaction between the innate immune 

system and SARS-CoV-2 have not been described yet, it is suggestive that the innate immune 

responses and relevant cell types play a vital role in the clinical symptoms and severity of 

COVID-19 disease.19 Innate immune sensing serves as the first line of antiviral defense and is 

essential for immunity to viruses. The virus-host interactions involving SARS-CoV-2 are likely 

to recapitulate many of those involving other CoVs, given the shared sequence homology 

among CoVs and the conserved mechanisms of innate immune signaling.21 It was shown that 

SARS-CoV triggers various innate recognition and response pathways. The general anti-viral 

innate mechanisms to SARS-CoV-2, including the fact that “self” vs. “non-self” discrimination 

is mainly mediated via recognition of the viral nucleic acids as pathogen-associated molecular 

pattern (PAMPs) by specific pathogen recognition receptors (PRRs) in the cytosol19 that 

include C-type lectin receptors, nucleotide-binding oligomerization domain-like 

receptors(NLRs), RIG-I-like receptors (RLRs) and Toll-like receptors (TLRs).24 The feauture of 

this concept is in a case of RNA viruses sensing of the double-stranded RNA (dsRNA) as an 

obligatory intermediate of the viral reproduction cycle. Recognition of the dsRNA is mediated 

by several receptor systems, particularly important for recognition of the coronavirus RNA is 

RIG-I like helicase MDA5 synergizing with other host dsRNA PRRs (PKR and OAS). 

Coronaviruses encode multiple proteins that interfere with PRR-mediated viral sensing and 

subsequent effector viral-controlling mechanisms, most importantly blocking IFN responses 
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or viral RNA recognition via PAMP receptors. Viral own enzymatic machinery could be 

involved in this process as coronavirus endoribonuclease (EndoU) targets viral polyuridine 

sequences to evade activating host sensors.  

 

 

Figure 5. The innate and adaptive immune responses against coronavirus (CoV) infection. The induction of neutrophils, 

monocytes/macrophages and dendritic cells  leads to the  production of various pro-inflammatory cytokines , called 

“cytokine storm”. This process results in to lung immunopathology. Specific CD + Tcells, Th1 and Th17,can be activated and 

exacerbate lung injury. Cytotoxic T-lymphocyte (CTL) contributes to virus clearance by lysis of infected cells. B cells produce 

virus specific antibodies and neutralize viruses. 

Mucosal surfaces, presenting the first line of defense, are protected against the virus via 

mucosaassociated lymphoid tissues (MALT). Due to the fact that SARSCoV-2 has been 

described to enter the human body through the respiratory tract, oral mucosa and 

conjunctival epithelium, mucosal IgA supposedly protects these physical barriers. A trend has 

been observed with an increase in the IgA response in severe cases of COVID-19.  ACE2 is the 

main receptor for SARS-Cov-2 and allows the virus entry into the cell. Virus infected epithelial 

cells produce interferons, which are associated with interferon responsive genes and those 

allow a robust innate immune response to occur. Dendritic cells, macrophages, and 
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neutrophils as the first line of defense start the immune reaction and affect its type and 

intensity. These macrophages showed a significant production of IL-6, suggesting they may 

contribute to the excessive inflammation in COVID19 disease.19 

2.6.2 COVID-19 and adaptive immunity  

The adaptive immune system has the capacity to cause immunopathogenesis.22 There is a 

great uncertainty about whether adaptive immune responses to SARS-CoV-2 are protective 

or pathogenic, or whether both scenarios can occur depending on timing, composition, or 

magnitude of the adaptive immune response.23 The innate and adaptive immune systems 

(Figure 5) are often described as contrasting, separate arms of the host response; however, 

they usually act together, with the innate response representing the first line of host defense, 

and with the adaptive response becoming prominent after several days, as antigen-specific T 

and B cells have undergone clonal expansion. Components of the innate system contribute to 

activation of the antigen-specific cells. Additionally, the antigen-specific cells amplify their 

responses by recruiting innate effector mechanisms to bring about the complete control of 

invading microbes. Thus, while the innate and adaptive immune responses are fundamentally 

different in their mechanisms of action, synergy between them is essential for an intact, fully 

effective immune response.49 The adaptive immunity can be subdivided into humoral and 

cellular response, the first mediated by specific antibodies against the virus and the second 

mediated by T cells (CD4+ and CD8+). 

2.6.2.1 Cellular Immunity  

A major role of the T cell arm of the immune response is to identify and destroy infected cells. 

T cells can also recognize peptide fragments of antigens that have been taken up by APC 

through the process of phagocytosis or pinocytosis. The way the immune system has evolved 

to permit T cells to recognize infected host cells is to require that the T cell recognize both a 

self-component and a microbial structure. The elegant solution to the problem of recognizing 

both a self-structure and a microbial determinant is the family of MHC molecules. MHC 

molecules (also called the human leukocyte-associated [HLA] antigens) are cell surface 

glycoproteins that bind peptide fragments of proteins that either have been synthesized 

within the cell (class I MHC molecules) or that have been ingested by the cell and 

proteolytically processed (class II MHC molecules).49 Once activated in the lymphatic system 

by APCs antigen presentation, CD4+ T cells induce the expansion of CD8+ T cells and B cells 

and contribute to viral clearance through the IFN pathways.  Based on the expression profiles 

of cytokines produced, activation of CD4+ naïve T cells may result in differentiation into T 

helper 1 (Th1) CD4+ or T helper 2 (Th2) cells.50  It is presumed that COVID-19 induces a similar 

Th1 type immune response as other viral infections. The count of CD8+ T cells was reported 

to be decreased during COVID-19 infection, and, in severe cases, memory CD4+ T cell and T 

regulatory cell count was significantly reduced. These findings were accompanied by a 

decreased number of CD4+ and CD8+ T cells in lymph nodes. Since the most common clinical 

symptom of COVID-19 remains fever, the involvement of proinflammatory cytokines is 
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evident. Increased serum levels of IL-6 were observed in more than 50% of the patients. 

Studies further revealed that as the disease severity progresses, the serum levels of pro-

inflammatory cytokines increase as well. This rise of pro-inflammatory cytokines is also 

associated with the depletion and functional exhaustion of T cells. SARS-CoV-2, similarly to 

other coronaviruses, restrains antigen presentation by downregulating MHC class I and II 

molecules, which inhibits the T cell-mediated immune responses.19 

2.6.2.2 Humoral Immunity 

Humoral immune responses also play a substantial role in COVID-19 infections. This kind of 

immunity is considered to be involved largely in host immune reaction during microbial 

infection. The multi-isotype antibodies in serum include IgA, IgD, IgG, IgM, and IgE, of which 

IgG is the most abundant, while IgD and IgE are extremely scarce. Thus, assessment of 

antibody responses has been focused on the titers of IgA, IgG, and IgM.  Antibodies to SARS-

CoV-2 can target many of its encoded proteins, including structural and nonstructural 

antigens. One is the abundant nucleoprotein (NP), which is found inside the virus or inside 

infected cells. However, because of the biological function of NP and because it is shielded 

from antibodies by viral or cellular membranes, it is unlikely that NP antibodies can directly 

neutralize SARS-CoV-2. The second structural protein often used as a target for characterizing 

the immune response to SARS-CoV-2 is the spike protein.25 Before the emergence of SARS-

COV-2, the only estimation could be done from the immunology memory studies performed 

on SARS-CoV, where SARS-specific antibodies were maintained for an average of 2 years. The 

titer of the virus-specific antibodies was correlated with the disease severity, and it has been 

shown that a high titer of SARS-CoV-2 antibodies serves as an independent risk factor for 

critical manifestation of COVID-19. It has been shown that COVID-19 patients generate SARS-

CoV-2-specific neutralizing antibodies (NAbs), which are produced by B cells after infection 

with the virus and can block the virus from entering the host cells.19 Neutralising 

antibodies(Nab), isolated from COVID-19 patients, were shown to reduce viral titers in animal 

models, indicating the important role of NAb during control of SARS-CoV-2 infection.51 It will 

be critical to understand the robustness of the antibody response in the mild cases, including 

its longevity and functionality, so as to inform serosurveys and to determine levels and 

duration of antibody titers that may be protective against reinfection.  

Immunological memory is the basis for durable protective immunity after infections or 

vaccinations. Duration of immunological memory after SARS-CoV-2 infection and COVID-19 is 

unclear. Immunological memory can consist of memory B cells, antibodies, memory CD4+ T 

cells, and/or memory CD8+ T cells. Knowledge of the kinetics and interrelationships among 

those four types of memory in humans is limited. Understanding immune memory to SARS-

CoV-2 has implications for understanding protective immunity against COVID-19 and 

assessing the likely future course of the COVID-19 pandemic. Substantial immune memory is 

generated after COVID-19, involving all four major types of immune memory. About 95% of 

subjects retained immune memory at ~6 months after infection. Circulating antibody titers 

were not predictive of T cell memory. Thus, simple serological tests for SARS-CoV-2 antibodies 
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do not reflect the richness and durability of immune memory to SARS-CoV.26 However, to 

date, there were few studies in characterizing the immune responses, specially adaptive 

immune responses to SARSCoV-2 infection.20 

 

2.7 Strategies for vaccine intervention 
 

In little more than a year, the COVID-19 pandemic has reached every continent, causing 98 

million confirmed cases and over 2 million deaths. Equally rapid has been the progress in 

vaccine development, with clinical trials commencing just months after the initial release of 

the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) genome on Jan 10, 2020.27 

It is important to note that natural infection induces both mucosal antibody responses 

(secretory immunoglobulin A (IgA) and systemic antibody responses (IgG). The upper 

respiratory tract is thought to be mainly protected by secretory IgA, whereas the lower 

respiratory tract is thought to be mainly protected by IgG. It is therefore possible that most 

vaccines currently in development induce disease-preventing or disease-attenuating 

immunity, but not necessarily sterilizing immunity.  

Traditional vaccine development is a lengthy process (Figure 6), and a development time of 

15 years is common.28 The evaluation of safety, immunogenicity and clinical efficacy of 

vaccines  is divided in 3 distinct phases. When there is an effective treatment for a human 

disease, challenge trials in which volunteers agree to pathogen exposure after vaccination is 

a valuable means to test vaccines where no animal models are available (eg, HPV and malaria). 

Phase I studies are focused on safety profile of the vaccine candidate. If the results are 

promising and funding is available, a vaccine candidate is then moved into Phase II that are 

focused on establishing an immunogenicity proof of concept and dose ranging (sometimes 

efficacy data), and larger phase III studies are designed to evaluate whether the dosing and 

vaccination schedule can deliver the desired impact on the clinical problem with an 

acceptable safety (efficacy and safety).52 
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Figure 6. Steps and timelines are shown for traditional and pandemic models of vaccine development. The hybrid approach 

reflects the addition of a controlled human infection model, illustrating the later start date and steps necessary before 

vaccine testing could begin.  

If the outcome of phase III trials meets the pre-defined end points, a biologics license 

application is filed with regulatory agencies.. Currently, both classic vaccine platforms and 

next-generation vaccine platforms can be distinguished. Classic include those that are based 

on vaccines already licensed and used in humans. These vaccines are either virus-based or 

protein-based.28 The next generation vaccines do not require the actual viral particle and can 

be developed solely on the sequence of the antigenic viral proteins. The material present in 

the vaccine containing information about the protein coding sequence leads to its 

biosynthesis and thus to an immune response. Next-generation vaccines include viral vector, 

nucleic acid-based and antigen-presenting cells vaccines.29 
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Vaccine technology has significantly evolved in the last decade, including the development of 

several RNA and DNA vaccine candidates, licensed vectored vaccines (e.g., Ervebo, a vesicular 

stomatitis virus [VSV]-vectored ebolavirus vaccine, licensed in the European Union), 

recombinant protein vaccines (e.g., Flublok, an influenza virus vaccine made in insect cells, 

licensed in the United States), and cell-culture-based vaccines (e.g., Flucelvax, an influenza 

virus vaccine made in mammalian cells). SARS-CoV-2 was identified in record time, and its 

genomic sequence was swiftly made widely available by Chinese researchers. In addition, data 

from the preclinical development of vaccine candidates for SARS-CoV and MERS-CoV enabled 

the initial step of exploratory vaccine design to be essentially omitted, saving a considerable 

amount of time.28 It is known from studies on SARS-CoV-1 and the related MERS-CoV vaccines 

that the S protein on the surface of the virus is an ideal target for a vaccine. In SARS-CoV-1 

and SARS-CoV-2, this protein interacts with the receptor ACE2, and antibodies targeting the 

spike can interfere with this binding, thereby neutralizing the virus. The structure of the S 

protein of SARS-CoV-2 was solved in record time at high resolution, contributing to our 

understanding of this vaccine target.30 Most of the COVID-19 vaccine development projects 

ongoing all over the world are using S protein as target antigen. The full length spike 

glycoprotein or RBD of virion are able prevent host and virus interaction by inducing 

neutralizing antibodies and hence is considered as most important vaccine target antigen.31 

The World Health Organization (WHO) has set forth essential criteria for conducting SARS-

CoV-2 challenge studies. Minimizing risk to participants, staff, and the community and 

ensuring robust scientific and clinical standards are critical considerations.32 The first clinical 

trial of a vaccine candidate for SARS-CoV-2 began in March 2020. Trials were designed such 

that clinical phases are overlapping and trial starts are staggered, with initial phase I/II trials 

followed by rapid progression to phase III trials after interim analysis of the phase I/II data. 

The FDA has released a guidance document for the development and licensure of SARS-CoV-

2 vaccines, which—as well as providing additional details—states that an efficacy of at least 

50% will be required. It is very important to point out that moving forward at financial risk is 

the main factor that has enabled the accelerated development of SARS-CoV-2 vaccine 

candidates, and no corners have been or should be cut in terms of safety evaluation.28 

2.7.1 Sars-Cov-2 vaccine types 

2.7.1.1 SARS-CoV-2 vaccine production platforms: Replicating and non 

replicating vectors 

Based on their capability to replicate in the host cell, these can be replicating and non 

replicating recombinant viral vectors. These are evaluated as delivery of viral genome 

encoding the gene of interest. The longevity of the immune response generated by vaccine 

depends on the type of viral vector used. The most commonly used viral vector is the 

Adenoviral (Ad) vector. The major advantage of this platform is the capability to induce both 

humoral and cellular immunity. Despite the complex production of viral vector based 

vaccines, these are known to induce strong immunological response. However, sometimes 
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these are not capable of inducing immunogenicity due to the presence of preexistent 

immunity.31 

Several Ad vector features are particularly attractive for vaccine use. Ad5 has been the most 

extensively developed non-replicating Ad vector. A recent finding of long-term persistence of 

replication defective Ad-recombinant-induced CD8+ T cells in mice indicated that the 

recombinant Ad genomes were transcriptionally active at low levels for long periods of time. 

In this regard, the non-replicating recombinants exhibited some features of replication-

competent Ad, as the mice maintained active effector CD8 T cells as well as central memory 

T cells. The extent to which this characteristic impacts vaccine efficacy is a subject for further 

investigation. Whether replicating Ad-recombinants exhibit greater persistence because of 

their initial robust replication in vivo will also require further study.  Replication-competent 

Ad vectors share the common features of replication-defective vaccines. The main scientific 

advantage of replicating Ad-recombinants is their mimicking of a natural Ad infection, 

resulting in induction of cytokines and co-stimulatory molecules that provide a potent 

adjuvant effect. Overall, the replicating vector can provide a complete immune response, 

including elements of innate immunity, an important component of a rapid response to an 

invading organism, as well as humoral, cellular, and mucosal immune responses.35 A 

recombinant replicating vaccine, Ervebo is licensed in the European Union as ebolavirus 

vaccine. The adenoviral vector Ad5 being used for COVID-19 vaccine development is a cost 

effective approach and has already been used for Ebola virus.  

One of the limitations of Ad5 vectors is their association with high prevalence in the human 

population and therefore an additional trial using chimpanzee derived adenoviruses (ChAd) 

is being conducted to combat preexisting immunity. Currently, there are 9 COVID-19 vaccine 

candidates developed using non replicating vector platform in clinical evaluation and 19 

candidates in preclinical evaluation stage. Four COVID-19 vaccine candidates developed using 

replicating vector platform is in clinical evaluation stage and 18 candidates are in preclinical 

evaluation stage.31 

2.7.1.2 DNA platform  

Were introduced two decades ago and these are non-infectious and non-replicating. These 

are easy to produce within a short duration and are stable and cost-effective at the same 

time. These confer long term immunogenicity to the host, however these remain hopeless 

when used in humans due to their poor immunogenic property. Also these are easily 

degraded by host enzymes and there is always the risk of its integration into host DNA.31 

2.7.1.3 RNA platform 

 In this different type of vaccines, the mRNA is directly injected into the host’s cell, which 

undergo translation in the cytoplasm (Figure 7). Currently, there are two kinds of mRNA-

based vaccines established: non-amplifying mRNA based vaccines and self-amplifying mRNA 

based vaccines. The self-amplifying mRNA based vaccines (SAM) capable of being rapidly 
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developed are potentially feasible for epidemics or disease outbreaks.31 The technology has 

so many advantages over conventional vaccine approaches. Once immunized with the 

vaccine, the mRNA can be translated for a long period of time, “on site” in the body, thus 

saving time/costs that would have been associated with expressing and purifying the proteins 

(in the correct conformation) in the lab. In addition to this, the spike protein, once expressed 

in the body, is post-translationally modified, thus circumventing post-translational 

modification-related issues associated with proteins expressed in the lab34. 

 

Figure 7. Replication-defective virus vector DNA and mRNA vaccines (from https://www.mdedge.com). In the DNA and 

mRNA vaccines the nucleic acid codifying for an immunogenic protein of the pathogen is captured by antigen-presenting 

cells that use it to express and present the antigen.  
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2.7.1.4 Recombinant protein based vaccine  

Highly purified recombinant proteins from different etiologic agents are most common 

candidates under investigation for vaccines. Different genes from virus particles encoding the 

antigenic determinant have been processed (cloned, expressed in various expression system 

and purified) as recombinant proteins and established as vaccines 31. 

2.7.1.5 Live attenuated vaccines  

The most common traditional method which involves manually weakened live pathogen 

which is no longer able to induce infection but able to induce immune response and hence 

mimic features of natural infection. These kind of vaccines are easy to produce for some 

viruses but challenging for complex pathogens. Currently, there are only 3 candidates as COVID-

vaccines and they are in preclinical evaluation stage 31. 

2.7.1.6 Inactivated vaccines  

These are produced by completely inactivating or killing the pathogen, on injecting it to the 

host, they primarily induce protective antibodies against epitopes present on thesurface of 

virus. These vaccines tend to produce a weaker immune response than live attenuated 

vaccines, 31-33 thus they require several doses because the microbes are unable to multiply in 

the host and so one dose does not give a strong signal to the adaptive immune system; 

approaches to overcome this include the use of several doses and giving the vaccine with an 

adjuvant.33 

 

2.8 Serological Methods for Evaluation of Sars-CoV-2 

Vaccines Immunogenicity 
 

Validated and accurate laboratory testing for SARS-CoV-2 is a crucial part of the timely 

management of COVID-19 disease, supporting the clinical decision-making process for 

infection control at the healthcare level and detecting asymptomatic cases. The relatively 

qiuick discovery of the composition of the full genome of SARS-CoV-2 early during the 

epidemics made it easier to develop specific starters and normalized laboratory protocols for 

COVID-19.36 

An important application of serological tests is to understand the antibody responses 

mounted upon SARS-CoV-2 infection and vaccination. Assays that inform on antibody titer 

and/or show antibody functionality (e.g., virus neutralization) will be extremely useful to 

answer important scientific questions about immune protection from reinfection. Several 

academic laboratories have developed robust, specific serological assays. The key challenge 

will be to apply and deploy these tests in a strategic manner to safely bring communities out 

of the current pandemic response back to the realm of “normal” life.53 Vaccine-induced 
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immune responses are often multifaceted, but single components such as antibody responses 

may correlate with the level of protection. In fact, most of the currently accepted correlates 

of protection are based on antibody measurements. Two studies, by Khoury et al. and Earle 

et al. , now connect neutralizing antibody responses to SARS-CoV-2 with vaccine efficacy and 

bring researchers and clinicians closer to having a correlate of protection for vaccines against 

COVID-19.54 Understanding the relationship between measured immunity and clinical 

protection from SARS-CoV-2 infection is urgently needed to plan the next steps in the COVID-

19 vaccine program. Placebo-controlled vaccine studies are unlikely to be possible in the 

development of next-generation vaccines, and therefore correlates of immunity will become 

increasingly important in planning booster doses of vaccine, prioritizing next-generation 

vaccine development, and powering efficacy studies. The work of Khoury et al. 55 uses 

available data on immune responses and protection to model both the protective titer and 

the long-term behavior of SARS-CoV-2 immunity. It suggests that neutralization titer will be 

an important predictor of vaccine efficacy in the future as new vaccines emerge. The model 

also predicts that immune protection from infection may drop with time as neutralization 

levels decline, and that booster immunization may be required within a year. However, 

protection from severe infection may be considerably more durable given that lower levels 

of response may be required or alternative responses (such as cellular immune responses) 

may play a more prominent role. To date, RT-PCR is the most widely employed method of 

diagnosing COVID-19. However, rapid, large-scale testing has been prevented by the high 

volume of demand and the shortage of the materials needed for mucosal sampling. 

Standardized serological assays able to measure antibody responses may help to overcome 

these issues and may support a significant number of relevant applications. Indeed, 

serological assays are the basis on which to establish the rate of infection (severe, mild and 

asymptomatic) in a given area, to calculate the percentage of the population susceptible to 

the virus and to determine the fatality rate of the disease. It has been demonstrated in a non-

human primate model that, once the antibody response has been established, re-infection 

and, consequently, viral shedding, is unlikely. Furthermore, serological assays can help to 

identify subjects with strong antibody responses, who could serve as donors for the 

generation of monoclonal antibody therapeutics. The S-protein has been found to be highly 

immunogenic, and the RBD is possibly considered the main target in the effort to elicit potent 

neutralizing antibodies. 38 

The Enzyme Linked-immunosorbent assay (ELISA) is one of the most used method for total 

antibodies detection. This method is able to detect all the immunoglobulins (class and 

subclass) present in a given sample able to bind the specific antigen of interest coated in a 

dedicated plate. It is fast, cheap and safe because it does not require the handling of live 

pathogens. The ELISA suffer from the fact that it is  not able to give a precise indication about 

the functionality of the antibodies detected.56 Given this limitation, the neutralization assay 

is an attractive alternative for the assessment of baseline sero-status and the evaluation of 

the humoral responses following natural infection and/or vaccination.57 
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To date, the complexity of the systemic immunoglobulin G (IgG) together with IgG subclasses 

and IgM and IgA, in terms of responses against SARS-CoV-2, have not been elucidated yet. 

Moreover, data comparing the differences between these responses and the neutralizing 

responses detected by functional assays such as Micro-Neutralization test (MN), are still not 

well defined. Undoubtedly, it is well recognized that the IgG levels have a crucial role for 

protection from viral disease. In humans, the four IgG subclasses (IgG1, IgG2, IgG3, IgG4) differ 

in function and IgG1 and IgG3 play a key role in many fundamental immunological functions, 

including virus neutralization, opsonization and complement fixation.38 

2.8.1 Enzyme Linked Immunoassobent Assay (ELISA) 

Compared to the other serological assays, the ELISA can be implemented to measure different 

immunoglobulin (Ig) classes (IgM, IgA, and IgG) and subclasses (IgG1, IgG2, IgG3, etc) of 

specific antibodies in serum samples and nasal washes by using subclass/isotype‐specific 

conjugated secondary antibodies. ELISA measures the actual amounts of Ig, and the use of 

standards allows good intra‐ and interlaboratory agreement. This assay is particularly suitable 

for testing large panels of samples for several reasons. Primarily because ELISA is less-time 

consuming, more cost-effective, and easier to perform compared to previously mentioned 

serological assays. Furthermore, it can be fully automated. Additionally, the ELISA reagents 

can be standardized with a positive impact on results reproducibility. Another advantage of 

the ELISA is that a wide range of antigen preparations (whole‐inactivated virus, subunit 

vaccines or purified antigens) can be used as coating antigens39 and a further advantadge is 

the possibility of avoiding the requirement for a high containment laboratory (Biosafety level 

3, BSL3). However, most of these assays present some limitations, such as low specificity and 

sensitivity, and use of alternative purified proteins that can be produced in different hosts 

(human‐derived cells vs insect cells). In addition, the mismatch between results obtained from 

the same samples, using different ELISA reagents and coatings (eg, source of antigen), may 

lead to confusion. To date, the Micro‐Neutralization assay (MN), currently considered the 

gold‐standard is the most specific and sensitive serological assay capable of evaluating and 

detecting, functional neutralizing antibodies.10 

2.8.2 Micro-neutralisation assay (MN) 

MN assays were developed in 1990.58-59 This is a functional assay, and it is able to detect 

neutralizing antibodies capable of prevent the virus infection of different mammalian cell 

lines. The neutralization activity is then measured as the ability of the sera to reduce the 

cytopathic effect (CPE) due to inhibition of viral entry and subsequent replication.55 Compared 

to the ELISA-based methods, the results derived by the MN represent a more precise and 

relevant estimation of antibody-mediated protection in-vitro.60 On the other hand, MN is 

more complex to manage due to some requirements: the need of live viruses and biosecurity 

level 4, 3 or 2+ laboratories (in case of class IV, III or II pathogens), the costs associated with 

the assay and the difficulties in protocol standardization across laboratories (e.g. cell lines, 
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infective dose, days of incubation and readout).56 Neutralizing antibodies are a key 

component of adaptive immunity against many viruses that can be elicited by natural 

infection or vaccination.40 Neutralising antibodies can be detected using the MN assay and 

plaque reduction neutralisation test. These assess the ability of patient-derived serum 

samples containing SARS-CoV2-specific antibody to inhibit infection of cells cultured in vitro.41 

Two of the more common methods for measuring the immunogenicity of the COVID-19 

vaccine candidates are the the MN endpoint dilution assays based on the cytophatic effect 

(CPE), which in turn requires a cell line that can be infected and killed by the virus of interest 

and the ViroSpot microneutralization assay. Coronaviruses have been demonstrated to be 

capable of infecting Vero E6 cell line that are commonly used for virus production and for MN 

assays.42 

2.8.2.1 Microneutralisation assay CPE-based (MN CPE) 

The conventional MN assay is based on inhibition of the virus-induced cytopathic effect (CPE) 

on susceptible cells. In the MN CPE-based (MN-CPE) assay, serially diluted serum samples are 

pre-incubated with a standard amount of virus. Afterwards, the serum/virus mixture is added 

to 96-well plates pre-seeded with a standard concentration of cells. The plates are then 

incubated at 37°C, 5%CO2 and the readout can be performed 3 days later under an optical 

microscope. Non-neutralized viruses will infect the cells, making it possible to determine 

which is the highest serum dilution that induces at least 50% inhibition of CPE.60  

2.8.2.2 ViroSpot MN assay   

The Virospot MN assay is a novel assay that combines classic virus culture in multi-well 

microtiter plates and virus specific immunostaining44 (Table 1). The readout for this assay is 

based on staining of the virus nucleoprotein (NP), which provides quantitative assessment of 

inhibitory concentration and does not rely on cumbersome and subjective visual inspection 

of cytopathic effect.43 

This assay has been recently developed for automated imaging, detection and counting of 

infected cells using the SX UV analyzer. A precise counting procedure and quality control are 

required to allow a reliable measurement of inhibitory concentration 50% (IC50) values of the 

antibody/inhibitor concentration, as well as the Plaque Forming Units (PFU) or the Tissue 

Culture Infectious Dose 50% (TCID50) measurement of the virus. The ViroSpot MN assay 

offers several favorable properties: a standardized dose of input test virus with limited 

influence of the virus replication kinetics and cell-to-cell transmission, limiting its sensitivity 

to variation in input virus dose, in contrast to other MN formats, and infected cells are 

detected in an automated fashion, based on a precipitating substrate, suitable for high 

throughput use.44 In the MN Virospot assay serially diluted serum samples are pre-incubated 

with a standard amount of virus. After 1 hour, the mixture is added to a 90% confluent 

monolayer of Vero E6 cells. The plates are then incubated for 24 hours at 37°C in a humidified 

atmosphere with 5% CO2. The day after virus-infected cells are immunostained with a 

monoclonal antibody which targets the SARS-CoV NP protein, followed by a secondary goat 

anti-mouse IgG peroxidase conjugate and TrueBlue substrate. This forms a blue precipitate 
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on NP positive cells. Images of all wells are acquired by a CTL ImmunoSpot analyzer, equipped 

with software to quantify the NP-positive cells (= virus signal). The 50%,80% 90% 

neutralization titers are calculated according to the method described by Zielinska et al.61 This 

titer calculation is based on the serum dilutions above and below the reduction point, here 

50% 80% or 90% neutralization: 

 

X = (a-b)(e-c)/(c-d) + a 

 

Where: 

a = log10 of dilution above the 50%, 80%,90% reduction point 

b = log10 of dilution below the 50%, 80%,90% reduction point 

c = average % Spots above the 50%, 80%, 90% reduction point (corresponds with a) 

d = average % Spots below the 50%, 80%, 90% reduction point (corresponds with b) 

e = value of 50%,80%, 90% reduction of average virus control count 

X is the exponent of the Log10 titer.  

 

 
Table 1. Microneutralisation (MN) assay: Comparison of similarities and differences of MN CPE and Virospot MN. 

 

 

2.8.2.3 Pseudotypes-based microneutralization assay 

Working with the SARS-CoV-2 virus, designated as a Category 3 biosafety level pathogen, 

implies the need for high biosafety levels laboratories (BSL3). By contrast, pseudotyped 

viruses (PVs) bearing the SARS-CoV-2 spike protein permit extensive and widespread 

serum/plasma screening in a BSL2 laboratory. This system, which has already been 

successfully adopted in the fight against emerging and re-emerging viruses, constitutes a 

useful, safe and versatile tool for studies on viral tropism, vaccine immunogenicity, efficacy 

of antiviral compounds, including therapeutic mAbs, and serosurveillance studies 86-87. 

Pseudotypes or pseudotype particles are chimeric “viruses” made by a surrogate virus core 

surrounded by a lipid envelope with the surface glycoproteins of another virus. By removing 

the genetic element of the virus being studied, and replacing it with a suitable reporter, 

viruses, can be studied in this safer, single-step infection and therefore provides a poor model 

for real infectious processes.The use of cores from lentiviral human immunodeficiency virus 

Table 1.Microneutralisation( MN) assay: Comparison of similarities and differences of MN CPE and Virospot MN

Process MN CPE VIROSPOT MN

Test virus preparation Dilution Factor To obtain 100 TCID50/well To obtain 30-350 spots/well

Target concentration Depends on kinetics of virus replication and cell to cell trasmission. 30-350 spots/well

Neutralisation method Mix virus and serum 60 min 60 min

No Yes, replace inoculum with  medium after 60 min

Incubation 3 days 18-20 hrs

Fixation of cell monolayer No Formalin

Read-out Optical microscope: Observation of the cytocpatyc effect in each well NP-Immunostaining (True Blue)

Signal No Well area covered

Neutralisation titer The highest serum dilution that induces at least 50% inhibition of CPE

Add mix serum virus to semi-confluent cell monolayer Add mix serum virus to confluent cell monolayer

Serum dilutions above and below the reduction point, 50% 80% or 

90% neutralization described by Zielinska et al.

Indicator cells 

(VEROE6) to 

monitor 
Replace Inoculum 

with overlay fresh 

medium
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(HIV) and gammaretroviruses such as murine leukemia virus (MLV) predominate in the 

influenza pseudotype literature. Recent development of systems involving rhabdoviruses, in 

particular the vesicular stomatitis virus (VSV), has also been used to produce SARS-CoV-2 

pseudotype with promising results 90. Replication-competent recombinant VSVs (rVSVs) are a 

far more authentic and powerful tool for investigating infection both in vitro and in vivo 88-89. 

The simple structure and rapid high titer growth of VSV in mammalian and many other cell 

types has made it a favored tool for molecular and cell biologists in the past years, and this 

was further strengthened with the establishment of the reverse genetic system for VSV. The 

VSV system has already been used to generate pseudotype virus for studying the role of the 

Ebola virus transmembrane glycoprotein in cell entry. The use of pseudotype particles is 

limited to a single-step infection and therefore provides a poor model for real infectious 

processes. Replication-competent recombinant VSVs are a far more authentic and powerful 

tool for investigating infection both in vitro and in vivo. Such recombinant viruses may help 

to overcome some of the limitations required to work with viruses that require BSL3 and BSL4 

containment 89. However, the question of which core to use to produce pseudotypes often 

depends on preference and availability 88. 

 

 

2.9 SARS-CoV-2 Variants Of Concern 
 

Since the pandemic began in China in December 2019, thousands of SARS-CoV-2 variants have 

emerged.62 Despite the extraordinary speed of vaccine development against COVID-19 and 

continued mass vaccination efforts across the world, the emergence of these new variants 

strains  could render vaccine-induced or naturally immune humans vulnerable to re-infection 

and such possible effects are still under investigation.64 A subset of these variants have been 

denoted as Variant Of Concern (VOC) by the WHO69 (Figure 8). The VOCs are associated with 

enhanced transmissibility or virulence, reduction in neutralization by antibodies obtained 

through natural infection or vaccination, the ability to evade detection, or a decrease in 

therapeutics or vaccination effectiveness.62-68 There are currently four COVs that the Center 

for Disease Control and Prevention (CDC) is monitoring: Alpha, Beta, Gamma and Delta 

variant.66 

2.9.1 Alpha variant 

The first major variant of concern was observed in December 14, 2020, in United Kingdom. It 

has been estimated that the variant, reported as SARS-CoV-2 VOC, lineage B.1.1.7, also 

referred to as VOC 202012/01 or 20I/501Y.V1, has emerged in September 2020 and has 

quickly become the dominant circulating SARS-CoV-2 variant in England 63 and became known 

as the “alpha” variant according to the WHO65. It causes point mutations of asparagine to 

tyrosine in the receptor-binding domain (RBD) of the spike protein. This N501Y mutation 
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became a growing concern due to the virus being able to adhere to the ACE2 receptor more 

strongly.63  

2.9.2 Beta variant 

The second major VOC was the 501Y.V2 variant in South Africa, labeled as the Beta variant 

according to the WHO65. This strain is characterized by mutations in the S protein, including 

residues in the RBD—K417N, E484K, and N501Y.62 

2.9.3 Gamma variant 

One of Brazil's discovered variant of SARS-CoV-2 is the P.1 variant, a descendant of B.1.1.28. 

This a highly different variable, which includes the E484K, K417T and N501Y mutations. 

According to the WHO has been labeled has the Gamma variant. The N501Y, K417N, and 

E484K mutations, which are also found in the Alpha and Beta variants, have been associated 

with enhanced binding affinity to human ACE2 and an increase in the transmissibility 64. 

2.9.4 Delta variant 

The most notable gene mutations that are suspected to allow the Delta variant, B.1.617.2 to 

be the most transmissible variant are the mutations found in the spike proteins. The Delta 

variant of SARS-CoV-2 bears 23 mutations compared to the first one (Alpha variant). Twelve 

of those mutations are in the spike protein. The more the spike proteins mutate, the harder 

it is for the immune system to identify them and for the antibodies to attach for the 

subsequent eradication of the virus. This new spike protein evading the immune system 

allows for a better attachment to human cells, thus infecting them more effectively66. The 

rapid spread of the highly transmissible Delta variant has continued to drive sharp 

resurgences in the three months since the last risk assessment in many countries across all 

six WHO regions. In almost all countries in which Delta has been reported, it has replaced all 

other variants including other VOCs, quickly becoming the dominant circulating variant.67 
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Figure 8. SARS-CoV-2 Variants of Concern as of 29 July 2021 (SARS-CoV-2 variants of concern as of 22 December 2021 

(europa.eu).  

 

2.10 MN VIROSPOT optimization 
 

The SARS-CoV-2 virus is continuously evolving with many variants emerging across the world 

that allowed the virus to escape human immunity easier. As there was little or no natural 

immunity in the human population or specific anti-COVID-19 drugs, vaccines were developed 

at an unprecedented speed to stop the pandemic.70  

At the time that the MN VIROSPOT was started and validated was available for the SARS-CoV-

2 Wild type strain for measuring SARS-CoV-2 neutralizing antibodies in serum samples taken 

from naturally immunised human samples. However, during the last period, interpretation of 

the MN VIROSPOT results has become complicated because of mutations occurred in the 

virus. For instance, quantitation of plaque numbers in a plaque reduction assay is difficult 

when there is a significant variation in plaque size induced by individual viruses.71 

Some different conditions were tested in order to optimize this assay and to obtain a more 

sensitive results for all the SARS-CoV-2 variants occurred so far.  

 

DocuSign Envelope ID: D8748998-8094-47F8-AC88-00BE4130D670

https://www.ecdc.europa.eu/en/covid-19/variants-concern
https://www.ecdc.europa.eu/en/covid-19/variants-concern


36 
 

The optimization has been focused on: 

1) The benefit of the application of the carboxymethyl cellulose (CMC) at 1%,2% and 3% 

(final concentration). Indeed, after the virus inoculation the CMC is used as an 

immobilizing overlay medium to prevent viral infection from indiscriminately 

spreading through the mechanical flow of the liquid in order to have a well-defined 

spots count. 

2) The effect of an alternative culture medium (MEM) without the use of CO2 on MN titer 

results and spot counts. 

3) The effect on MN titer and spot count by using different time points for the pre-

incubation of the serum/virus mixture and for the second incubation of the 

serum/virus mixture on the VERO E6 cells. 

4) The effect on MN titer spot count by using different temperatures during the first 

incubation period (serum/virus mixture) 

5) That both serum samples and EDTA plasma samples can be uses in this assay. The 

samples originate from the same donor and same timepoint after infection with SARS-

CoV-2 virus. 

The optimization of this assay has been performed using four different SARS-CoV-2 variants: 

Wild Type, Alpha, Beta and Gamma. 
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3. AIM OF THE STUDY 

 

The aim of the present study was to compare different microneutralization methods which 

can be used to quantify anti‐SARS‐CoV‐2 neutralizing antibodies (nAbs) in human samples. 

The first project was focused on the comparison of a microneutralization assay (MN) with a 

read out based on the cytophatic effect (CPE) and a MN based on a colorimetric read out 

(Colorimetric MN CPE) for the detection of nAbs against SARS-CoV-2 Wild type strain.  

In the first method the cell monolayer was microscopically inspected for inhibition of CPE at 

each serum dilution (subjective read out) while, in the Colorimetric MN CPE, the healthy cell 

monolayer was stained with neutral red solution, a vital dye. The plates were then read by a 

spectrophotometer at 540 nm (objective read out). A panel of 83 human serum samples has 

been previously tested in enzyme‐linked immunosorbent assay (ELISA) as a pre‐screening. All 

the samples found to be positive, borderline, and negative in this ELISA were then tested to 

determine the nAbs titers through the MN CPE and the Colorimetric MN CPE. 

To better investigate if the classical MN CPE correlate with other new MN methods, the 

second aim of this study focused on the comparison of the MN CPE and a new MN platform: 

the Virospot MN assay. In this method, a virus specific immunostaining was used as readout 

and then the images of all wells were acquired by a CTL ImmunoSpot analyzer. It combines 

classic virus culture techniques with automated sensitive detection of immunostained virus 

infected cells. 
These two MN methods were compared using a panel of 47 human serum samples against 

SARS-CoV-2 Wild type strain. 

To conclude this research project the third aim focused on the optimization and assesment 

of the Virospot MN assay robustness for the detection and quantification of neutralizing 

antibodies against four different SARS-CoV-2 variants in human samples. 

Serum and plasma samples (originating from the same donor) were compared against the 

four different SARS-CoV-2 variants Wild type, Alpha, Beta, Gamma. Furthermore, to optimize 

the assay performance, the use of the carboxymethyl cellulose (CMC) at different 

concentrations (1%,2%, 3%) was implemented and evaluated at different time points (8,24,32 

hours) and the effect of an alternative culture media without the supplementation of external 

CO2 was evaluated on MN titer results. Different timepoints (30 minutes, 60min, 120 min) for 

the pre-incubation of the serum/virus mixture and for the second incubation of the 

serum/virus mixture on the VERO E6 cells, as well as different temperatures (37°C/room 

temperature) during the pre-incubation period were investigated for evaluating the effect on 

MN titers and spot counts. 
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4. MATERIALS AND METHODS 

 

4.1 MATERIALS 
 

4.1.1 Samples 

To compare MN CPE, MN Colorimetric CPE and ELISA assay (Project I) a total of 83 human 

serum samples were collected as part of a seroepidemiological study performed in the 

laboratory of Molecular Epidemiology of the University of Siena, Italy. Serum samples were 

anonymously collected in compliance with Italian ethics law. The human monoclonal antibody 

IgG1‐CR3022 (absolute antibody) was tested along with the serum samples in the MN assay 

and ELISA. Hyperimmune sheep antisera against Influenza A/H1N1/ California/7/2009 

(10/218), B/Brisbane/60/2008 (13/312), and A/Anhui/ 1/2013 (15/248) strains were 

purchased from the National Institute for Biological Standard and Controls (NIBSC, UK) and 

used as negative controls. Hyperimmune rabbit serum samples against Adenovirus Type 4 

(V204‐502‐565) were provide by the National Institute of Allergy and Infectious Diseases (NIH, 

Bethesda). Human serum minus IgA/IgM/IgG (S5393‐1VL) (Sigma, St. Louis, MO) was used as 

a negative control. 

To compare MN CPE and Virospot MN assays (Project II), a panel of 30 human commercial 

serum samples (BIOIVT, Cambridge Biosciences) and another panel of 15 pre-pandemic 

samples (2015) collected by the laboratory of Molecular Epidemiology of the University of 

Siena, were used. Samples were previously heat-treated at 56°C for 30 minutes, and then 

tested against SARS-CoV-2 Wild type and SARS-CoV-2 Alpha (B.1.1.7) variant. Information 

about gender and age was not provided. The convalescent human serum samples S.46-S.47 

(BIOIVT) and the human serum pool S.48 (Boca Biolistics) were used as positive controls.   

 

Eleven matched serum and EDTA plasma samples (from identical donations) taken from 

convalescent patients were purchased from In.vent Diagnostica GmbH (Hennigsdorf , 

Germany) and used for the third project (Project III) in which the Virospot MN assay was 

optimized. Information about gender and age are reported in the Appendix 1. As done with 

the previous panels, these samples were heat inactivated at 56°C for 30 minutes and tested 

against four SARS-CoV-2 variants: Wild type BavPat1/2020, Alpha (B.1.1.7), Beta (B.1.351) and 

Gamma variant (P.1). The following positive control sample was used: COVID-19 convalescent 

pooled serum, VC-Lot# VC-2120140051, individual serum obtained from Boca Biolistics. 
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4.1.2 Cells 

VERO cells, an African Green monkey kidney cell line, were purchased from the European 

Collection of Authenticated Cell Cultures (ECACC ‐ Code 84121903). VERO cells were cultured 

in Eagle's minimum essential medium (EMEM) (Lonza, Milano, Italy) supplemented with 2 

mM L‐Glutamine (Lonza, Milano, Italy), 100 IU/mL penicillin‐streptomycin mixture (Lonza, 

Milano, Italy) and Fetal Bovine Serum (FBS) (Euroclone, Pero, Italy) to a final concentration of 

5%, at 37°C, in a 5% CO2 humidified incubator. VERO E6 cells, an epithelial cell line from the 

kidney of a normal monkey (Cercopithecus aethiops), were acquired from the American Type 

Culture Collection (ATCC ‐ CRL 1586). Huh‐7 cells, an epithelial cell line from Human 

hepatocellular carcinoma, were kindly provided by the University of Siena (ECACC‐ Code 

01042712). Both VERO E6 and Huh‐7 cells were cultured in Dulbecco's Modified Eagle's 

Medium (DMEM)‐high glucose (Euroclone, Pero, Italy) supplemented with 2 mM L‐Glutamine 

(Lonza, Milano, Italy), 100 IU/mL penicillin‐streptomycin mixture (Lonza, Milano, Italy) and 

10% of FBS, at 37°C, in a 5% CO2 humidified incubator. Adherent sub‐confluent cell 

monolayers of VERO, VERO E6, and Huh‐7 were prepared in growth medium, E‐MEM or D‐

MEM high glucose containing 2% FBS in T175 flasks or 96‐well plates for propagation or 

titration and neutralization tests of SARS‐CoV‐2, respectively. Cell lines above described were 

used in setup experiments aimed at determining the best culture conditions for MN CPE and 

MN colorimetric assay. VERO E6 cells cultured as above were chosen as the cell line to be used 

in the MN CPE and MN colorimetric assays.  

Vero C1008 (Vero76, clone E6, Vero E6), purchased from the American Type Culture 

Collection (ATCC CRL-1586), were used for performing the MN VIROSPOT. VeroE6 for MN 

Virospot were cultured in: 

 

• Dulbecco's Modified Eagle's Medium (DMEM)‐high glucose (Euroclone) 

supplemented with 200 mM L‐Glutamine (Lonza), 1000 IU/mL penicillin‐streptomycin 

mixture (Lonza) and 10% of Fetal Bovine Serum (FBSHI, Capricorn Scientific), at 37°C, 

in a 5% CO2 humidified incubator. One day before inoculation, the cells were seeded 

in a 96-well plate at such a density that a confluent monolayer (≥ 90%) is achieved at 

the day of the assay (1.5 x 104 cells/well).  

 

• Minimum Essential Medium (MEM, Gibco) supplemented with 200 mM L‐Glutamine 

(Lonza), Non-Essential Amino Acids (NEAA;100 X, Gibco), HEPES (1M, Gibco), 10% of 

FBS-HI, Antibiotic-Antimycotic (100X, Gibco) at 37°C, in humidified incubators without 

CO2. One day before inoculation, the cells were seeded in a 96-well plate at such a 

density that a confluent monolayer (≥ 90%) is achieved at the day of the assay (1.5 x 

104 cells/well).  
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4.1.3 Viruses 

To perform the MN CPE assays, SARS-CoV‐2 2019‐nCoV strain 2019‐nCov/Italy‐INMI1‐wild 

type virus (purchased from the European Virus Archive goes Global (EVAg, Spallanzani 

Institute, Rome) and SARS-CoV-2 Alpha variant (Human nCoV19 

isolate/England/MIG457/2020 (lineage B.1.1.7) Ref-SKU: 004V-04032) were used. To 

perform the MN Colorimetric assay, the SARS-CoV‐2 2019‐nCoV strain 2019‐nCov/Italy‐

INMI1 above described was used. 

The two variants were titrated in serial 1 log dilutions (from 1 log to 11 log) to obtain a 50% 

tissue culture infective dose (TCID50) on 96‐well culture plates of VERO E6 cells. The plates 

were observed daily for a total of 4 days for the presence of CPE by means of an inverted 

optical microscope. The end‐point titres were calculated according to the Reed & Muench 

method72 based on eight replicates for titration. 

To perform the MN Virospot experiments, the following viruses were used: 

SARS-CoV-2 Wild Type Strain, isolate BetaCoV/Munich/BavPat1/2020, purchased from the 

European Virus Archive goes Global (EVAg); SARS-CoV-2 Alpha variant, Isolate 

USA/CA_CDC_5574/2020 (B.1.1.7), Beta variant (B.1.351) Isolate hCoV-19/South 

Africa/KRISP-EC-K005321/2020 and Gamma variant (P.1) Isolate hCoV-19/Japan/TY7-

503/2021 were purchased from BEI Resources. 

 

The SARS-CoV-2 WT used in MN Virospot assay was propagated in VERO E6 cells cultured in 

DMEM Infection Medium (IM); complete medium with 3% FBS (Capricorn Scientific), 1% 

Penicillin (10000 IU/mL, Lonza) and 1%L-Glutamine (200 mM, Lonza). Alpha, Beta and Gamma 

variants for the MN Virospot optimization were propagated in VEROE6 TMPRSS2 cultured in 

DMEM IM with 3% FBS (Capricorn Scientific), 1% Penicillin (10000 IU/mL, Lonza) and 1%L-

Glutamine (200 mM, Lonza). 

 

4.2 METHODS 

4.2.1 Methods I 

4.2.1.1 Enzyme‐linked immunosorbent assay 

Specific anti‐SARS‐CoV‐2 IgG antibodies were detected through a commercial ELISA kit 

(Euroimmun, Lübeck, Germany). ELISA plates are coated with recombinant structural protein 

(S1 domain) of SARS‐CoV‐2. According to the manufacturer, cross‐reactions may occur with 

anti‐ SARS‐CoV(‐1) IgG antibodies, due to the close relationship between SARS‐CoV‐1 and 

SARS‐CoV‐2, while cross‐reactions with other human pathogenic CoVs (MERS‐CoV, HCoV‐

229E, HCoV‐NL63, HCoV‐HKU1, and HCoV‐OC43) are excluded. The assay provides semi‐

quantitative results by calculating the ratio of the OD of the serum sample over the OD of the 

calibrator. According to the manufacturer's instructions, positive samples have a ratio ≥1.1, 

borderline samples a ratio between 0.8 and 1.1, and negative samples a ratio <0.8. The ELISA 
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assay was performed as pre-screening analysis on samples from project one in order to 

determine the binding capacity of serum samples before performing the MN CPE and MN 

Colorimetric assays. 

4.2.1.2 Viral growth in cell culture 

 The SARS‐CoV‐2 Wild-type virus 2019‐nCoV strain 2019‐nCov/Italy‐INMI1 was seeded and 

propagated in VERO, VERO E6, and Huh‐7 cells by using EMEM (for VERO and Huh‐7) and 

DMEM high glucose (for VERO E6) both supplemented with 2% FBS and 100 IU/mL penicillin‐

streptomycin. Cells were seeded in T175 flasks at a density of 1 × 106 cells/mL. After 18 to 20 

hours, the sub‐confluent cell monolayer was washed twice with sterile Dulbeccos's phosphate 

buffered saline (DPBS). After removal of the DPBS, the cells were infected with 3.5 mL of 

EMEM/DMEM 2% FBS containing the virus at a multiplicity of infection of 0.001 and 0.01. 

After 1 hour of incubation at 37°C in a humidified atmosphere with 5% CO2, 50 mL of EMEM 

(for VERO and Huh7) or DMEM (for VERO E6) containing 2% FBS was added to the cells. The 

flasks were daily observed, and the virus was harvested when 80%‐90% of the cells 

manifested CPE. The culture medium was centrifuged at +4°C 1600 rpm for 8 minutes, to 

remove the cell debris, then it was aliquoted and stored at −80°C. 

4.2.1.3 Micro‐neutralization assays 

Serum samples were heat‐inactivated for 30 minutes at 56°C; two‐fold serial dilutions, 

starting from 1:10, were then mixed with an equal volume of viral solution containing 100 

TCID50 of SARS‐CoV‐2. The serum‐virus mixture was incubated for 1 hour at 37°C in a 

humidified atmosphere with 5% CO2. After incubation, 100 µL of the mixture at each dilution 

was added in duplicate to a cell plate containing a semi‐confluent VERO E6 monolayer. The 

plates were incubated for 3 days (SARS-CoV-2 WT strain 2019‐nCov/Italy‐INMI1) or 4 days 

(SARS-CoV-2 Alpha variant, Human nCoV19 isolate/England/MIG457/2020) at 37°C in a 

humidified atmosphere with 5% CO2. The readout incubation time for each strain was 

established based on previous setup experiments (not shown) according to the back titration 

results and the development of a consistent CPE. 

4.2.1.3.1 CPE‐read out  

After 3 (for SARS-CoV-2 WT strain 2019‐nCov/Italy‐INMI1) or 4 (for SARS-CoV-2 Alpha variant, 

Human nCoV19 isolate/England/MIG457/2020) days of incubation, the plates were inspected 

by an inverted optical microscope. The highest serum dilution that protected more than the 

50% of cells from CPE was taken as the neutralization titre.  

4.2.1.3.2 Colorimetric read‐out  

After 3 days of incubation (SARS-CoV-2 WT strain 2019‐nCov/Italy‐INMI1), the supernatant of 

each plate was carefully discarded and 100 µl of a sterile DPBS solution containing 0.02% 

neutral red (Sigma, St. Louis, MO) was added to each well of the MN plates. After 1 hour of 

incubation at room temperature, the neutral red solution was discarded, and the cell 

monolayer was washed twice with sterile DPBS containing 0.05% Tween 20. After the second 

incubation, the DPBS was carefully removed from each well; then, 100 µL of a lysis solution 
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made up of 50 parts of absolute ethanol (Sigma, St. Louis, MO), 49 parts of MilliQ and 1 part 

of glacial acetic acid (Sigma) was added to each well. Plates were incubated for 15 minutes at 

room temperature and then read by a spectrophotometer at 540 nm. The highest serum 

dilution, showing optical density (OD) value greater than the cut‐off value, was considered as 

the neutralization titre. The cut‐off value is calculated as the average of the OD values of the 

cell control wells divided by two. In each of the two methods, the geometric mean titer (GMT) 

between the 2 data obtained for each sample was calculated. Sera negative at a dilution of 

1:10 were assigned a titer of 5. 

4.2.2 Methods II 

4.2.2.1 MN Virospot 

In this project the SARS-CoV-2 MN Virospot assay was used to compare the MN results with 

those obtained through the MN CPE. In the Virospot MN assay, a standard number of SARS-

CoV-2 infectious units (aimed between 30 – 350 spots/well) was incubated with serial 

dilutions of serum samples previously heat‐inactivated for 30 minutes at 56°C. After a 60 min 

pre-incubation period at 37°C of the virus/serum mixtures, 100µL of the mixture was added 

to 80-90% confluent VEROE6 cell monolayer. One hour later the virus/serum mixture was 

replaced with fresh IM and incubated for 16-24 hours. After this incubation, cells were 

formalin-fixed followed by an incubation with a monoclonal antibody which targets the viral 

nucleocapsid protein (SARS-CoV/SARS-CoV-2 Nucleocapsid monoclonal antibody, Sino 

Biological, Cat# 40143-MM05). Then, a secondary anti-human IgG peroxidase conjugate (Goat 

anti-Mouse IgG-HRP, Thermo Scientific, Cat# A16072) was added and incubated for a hour 

and eventually a TrueBlue substrate that formed a blue precipitate on nucleocapsid-positive 

cells. 

Images of all wells were acquired by a CTL ImmunoSpot analyzer, equipped with a software 

used to quantitate the nucleocapsid-positive cells (=virus signal). This method utilizes spot 

counts that represent infectious units above and below the reduction point 50%, 80%, 90% 

to calculate the MN titer as reported in Zielinska method. 61 

4.2.3 Methods III  

4.2.3.1 Virospot MN optimization  

The SARS-CoV-2 Virospot MN assay previously described has been fully validated for 

measuring SARS-CoV-2 neutralizing antibodies in serum samples using SARS-CoV-2 WT, which 

was isolated early 2020. In this optimization project several new conditions were introduced 

to the SARS-CoV-2 Virospot MN assay to make it suitable for testing samples against new 

emerging virus variants. The carboxymethyl cellulose (CMC) has been implemented as 

overlay, important to avoid secondary infections and contain progeny virus at the site of the 

primary infection, thereby causing the immunostained virus-positive spots of different virus 

variants to become of similar size and shape and ensuring accurate quantification of the virus 

inoculum. Other changes, related to incubation conditions have been implemented to make 

the assay more sensitive and robust. 
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4.2.3.2 Design of the MN Virospot assay optimization  

To optimize the SARS-CoV-2 Virospot MN assay, different conditions were tested (Run I, II, III 

IV and V, Table 2). A total of 11 matched serum and plasma samples taken from the same 

donor were used against four different SARS-CoV-2 variants (Wild type, Alpha, Beta and 

Gamma) in two runs (I and II, Table 2). Once evaluated the MN titer of each sample and based 

on WT MN titers, three runs (III, IV, V run, as shown in Table 2) were carried out using 6 out 

of 21 samples of which:  

- One serum and one plasma sample with a high MN titer (High-Positive samples, H-P) 

-  One serum and one plasma sample with a mid-low MN titer (Mid-Positive samples, 

M-P) 

- One serum and one plasma sample with a low MN titer (Low-Positive samples, L-P) 

The 50%,80%,90% neutralization titers have been evaluated as previously described using 

Zielinska formula.61 

The use of DMEM Infection Medium (IM) with CO2 was compared to MEM IM without CO2 

(Run II). Both media were supplemented with 200 mM L‐Glutamine (Lonza), Non-Essential 

Amino Acids (NEAA;100 X, Gibco), HEPES (1M, Gibco), 3% of FBS-Heat Inactivated (HI) and 

Antibiotic-Antimycotic (100X, Gibco). 

Different time points (30 min, 60 min, 120 min) were evaluated for the pre-incubation of the 

serum/virus mixture and for the second incubation of the serum/virus mixture on the VERO 

E6 cells (Run III and IV). 

The effect on MN titer spot count by using different temperatures (37°C/room temperature) 

during the first incubation period (serum/virus mixture) was also assessed (Run III).  

Finally, Carboxymethyl cellulose (CMC, Sigma Aldrich, Cat# D4888) was implemented and 

used at different percentages (1%, 2%, 3%). Moreover, different incubation timepoints (8, 24, 

and 32 hours) were evaluated for the last incubation step (after the adding of CMC) (Run V). 

To better investigate the effect of this overlay on the spot count and spot size no samples 

were used and a viral titration of each SARS-CoV-2 variant was performed as follows: 

10-fold serial dilutions of virus stock for each variant were prepared in a round bottom plate 

using MEM-based as infection medium. Each virus samples were titrated per plate in 8 

replicates starting from 1:10 as first dilution step from column 1 to column 11, taking column 

12 as cell control. After completing the dilutions, the samples were transferred to the culture 

plates with Vero E6 cell monolayers and incubated for 60 min at RT. One hour later the 

inoculum was replaced with CMC 1%, 2% and 3% (three different plates were used for each 

variant) and incubated for 8, 24 and 32 hours in a humidified atmosphere at 37°C without 

external supplementation of CO2. The same procedure as in MN Virospot assay (Method II) 

was followed for the immunostaining (section 4.2.1). The plates were subsequently scanned 

with the CTL UV Analyzer to detect the spot count . Cell control wells were included as a virus-
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negative control condition (IM only).  For each dilution the spot size and the spot number 

were evaluated. 

 

 

 

 

 

Table 2. Conditions evaluated for the optimization of the Virospot MN assay performed by using a panel of 

serum samples and plasma samples from the same donor against SARS-CoV-2 Wild type, Alpha, Beta and 

Gamma variants. 

 

4.2 Statistical analysis 
 

In the Project I, Friedman test was used to compare viral titres obtained at different time 

points during viral growth in cell culture. A p value <0.5 was considered statistically significant. 

To verify the similarity between MN CPE and Colorimetric MN assay (Project II), and MN CPE 

and Virospot MN assay (Project II), different types of statistics have been considered. Log2-

transformed MN titers were compared by simple non-linear regression curve fit, and the 

coefficient of correlation (r2) was determined. Moreover, to investigate the relationship 

IV

V

DMEM + CO2  VS     

MEM -CO2         

+CMC1%

11 serum and plasma 

samples   

WT, Alpha, Beta, 

Gamma

pre-incubation        

37°C VS RT and  

different time-points   

30,60,120min           

+CMC1%

 H-P serum/plasma           

M-P serum/plasma          

L-P serum/plasma

WT, Gamma

II

second incubation      

( mix sample-

virus/cells)             

different time points       

30,60, 120 min    

+CMC1%        

 H-P- serum/plasma    

M-P serum/plasma           

L-P serum/plasma

WT, Gamma

CMC 1%,2%,3% 

Different time points 

(8,24,32 hours)

W/O samples
WT, Alpha, Beta, 

Gamma

III

I

RUN CONDITIONS
NUMBER OF 

SAMPLES

SARS-CoV-2 

VARIANTS

serum samples VS 

plasma samples          

+ CMC1%

11 serum and plasma 

samples   

WT, Alpha, Beta, 

Gamma
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between the errors in measurement and the true values, the Bland-Altmann analysis was 

performed. The differences between the pairs of measurements (expressed as log2 titers) 

were plotted against their means. The lower and upper limits of agreement were evaluated 

based on the (normal) distribution of the differences. Points outside the limits of agreements 

indicated statistically significant difference. The plot puts also in evidence a possible 

systematic bias between the two kinds of measurements.73 

In the Project I, further analyses were performed; A single score intraclass correlation (ICC). 

The log2-transformed MN titers obtained with each platform (MN CPE and Colorimetric Mn 

assay) were analyzed through a two-way mixed ANOVA test using the R software, and the ICC 

was calculated according to the following formula:  

𝐼𝐶𝐶 =
𝜎𝐵

2

𝜎𝐵
2 + 𝜎𝑊

2  

where 𝜎𝐵
2  is the variance between the n sample units (“between variance”), and 𝜎𝑊

2  is the 

common variance within each sample unit (“within variance”). The total variance 𝜎𝑇
2 of the 

measurements is given by the sum of these two components, i.e., 𝜎𝑇
2 = 𝜎𝐵

2 + 𝜎𝑊
2 . 

According to the scale of Koo & Li 74 the results of the ICC analysis were interpreted as follows: 

▪ Less than 0.50: Poor reliability 

▪ Between 0.5 and 0.75: Moderate reliability 

▪ Between 0.75 and 0.9: Good reliability 

▪ Greater than 0.9: Excellent reliability 

Furthermore, in the Project I, the equivalence test was used. This test compares the means 

of the two sets of data and provides a more informative results, whereby it is possible to 

compare the statistical significance with the analytical significance. The equivalence 

acceptability criterion, EAC, was set to EAC=1, since in terms of titers, a difference between 

pairs of results (log2-units) in the range of ±1 is to be considered acceptable. In the Project III, 

T-test analysis was performed to compare the use of DMEM with CO2 and MEM and the 

without CO2. The T-test analysis is an inferential statistical test that determines whether there 

is a statistically significant difference between the means in two independent groups. To apply 

this test, a continuous normally distributed variable (Test variable) and a categorical variable 

with two categories (Grouping variable) are used. Further mean, SD, and number of 

observations of the group 1 and group 2 are used to compute significance level. In this 

procedure, first significance level of Levene's test is computed and when it is insignificant (P > 

0.05), equal variances otherwise (P < 0.05), unequal variances are assumed between the 

groups and according to P value is selected for independent samples t test.75 

Project I data analysis was performed using GraphPad Prism Version 5, Microsoft® Excel® 

2019, and the R software (for intra-class correlation); analyses of Project II and III were 

evaluated through GraphPad Prism Version 4 and Microsoft® Excel® 2019. 
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5. RESULTS 

 

5.1 RESULTS I 

5.1.1 High viral load for VERO and VERO E6, no propagation for Huh‐7  

In the first project, the SARS‐CoV‐2 Wild type propagation has been performed three times in 

three independent experiments using three different cell lines: VERO, VERO E6, and Huh‐7 

cells. These specific cell lines were chosen to investigate the viral growth because, as reported 

in literature, they are the preferred lines for SARS‐CoV-2 Wild type isolation and replication 
77-78. Infection curves for each cell line have been evaluated through different harvest time‐

points: 36, 48-52 and 72-76 hours post infection. For VERO and VERO E6 cells a high viral titer 

was observed. In both cell lines two different multiplicity of infection (MOI) (0.001 and 0.01) 

were used starting from a viral stock containing 107.25 TCID50/mL (only the results obtained 

with MOI = 0.001 are reported in this study). Neither CPE nor infection plaques in the cell 

monolayer were observed in any of the three cell lines after 24 hours post infection. After 36 

hours, VERO E6 and VERO showed 30%‐40% of CPE (103.63 TCID50/mL ± 0.14 SD) and 15%‐

20% (103.78 TCID50/mL ± 0.2 SD), respectively. Both cell lines (VERO, VEROE6) reached the 80% 

of CPE (Fig. 9), after 48-52 hours post infection, recording a significant increase of the viral 

titre according to Friedman test with a mean equal to 107,63 TCID50/mL ± 0.38 SD for VERO E6 

cells, and 107.17 TCID50/mL ± 0.1 SD for VERO cells. 

 
 

Figure 9. Vero E6 cells at different stage of infection. A, Not infected VERO E6 cell monolayer after 72 hours, 

complete absence of CPE. B, SARS‐CoV‐2 infected VERO E6 cell monolayer after 36 hours postinfection, 20%‐

30% of CPE recovered. C, SARS‐CoV‐2 infected VERO E6 after 52 hours postinfection, 80% of CPE recovered. CPE, 

cytopathic effect; SARS‐CoV‐2, Severe Acute Respiratory Syndrome‐Coronavirus‐2 

 

 

After 72 -76 hours post infection, a decrease in the viral titers were registered in VERO (106.5 

TCID50/mL ± 0.2 SD) and VERO E6 (106.4 TCID50/mL ± 0.13 SD) flasks, with cell monolayer 

showing 100% of CPE (Figure 10). No detectable CPE was observed for Huh‐7 cells up to the 
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7th day after infection. To further check the viral production in Huh‐7 cells, the supernatant 

was passed on VERO E6 cells but 0% of CPE was detected in this cell line. This confirms that 

Huh‐7 cells are not able to support the viral replication of this Coronavirus strain, as already 

showed by Harcourt et al.76 

The supernatants derived from VERO, VERO E6 and Huh‐7 were titrated in 96‐well plates, 

which were read after 72 hours; Titres reached ranged from 106.2 to 107.8 TCID50/mL either 

for VERO and VERO E6‐derived virus; no titre has been detected for Huh‐7‐derived virus (data 

not shown). 

 

 

 

DocuSign Envelope ID: D8748998-8094-47F8-AC88-00BE4130D670



48 
 

 
Figure 10. Viral titres reached for VERO and VERO E6 in three different viral infection experiments in T‐175 flasks. A, Titres 

registered in triplicate (n = 3) for VERO cells after 36, 48 to 52 and 72 to 76 hours post infection. A significant increase in the 

viral titre has been registered after 48 to 52 hours according to Friedman test (P < .05), error bars indicate the standard 

deviation among the three independent measures. B, Titres registered (n = 3) for VERO E6 cells after 36, 48 to 52 and 72 to 

76 hours post infection. A significant increase in the viral titre has been registered after 48 to 52 hours according to Friedman 

test (P < .05), error bars indicate the standard deviation among the three independent measures. C.1, Infection curves for 

VERO cells for three independent experiments of viral growth. C.2, Polynomial infection curve derived from the average of 

the three experimental curves for VERO cells. D.1, Infection curves for VERO E6 for three independent experiments of viral 

growth. D.2, Polynomial infection curve derived from the average of the three experimental curves for VERO E6 cells. 

5.1.2 Comparison between ELISA and MN assays 

 The ELISA assay was used as pre-screening for 83 serum samples for evaluating the presence 

of neutralising antibodies against SARS‐CoV‐2 Wild type strain. Results showed 42 samples 

positive, 20 borderline and the remaining 21 negative. The same panel was tested using the 

MN assay and, to evaluate the specificity of the MN assay for the SARS-CoV-2 Wild type, 

several animal sera, that were high responders to different viruses, such as Influenza virus 

(seasonal and pandemic) and Adenovirus type 4, were tested. All animal samples tested 

against Influenza and Adenovirus type 4 proved completely negative, confirming the 

specificity of the MN assay in the detection of anti‐SARS‐CoV‐2 nAbs (data not shown). 

Neutralization test results of the human serum samples confirmed the complete absence 

(100%) of nAbs in samples already negative in ELISA. 22 out of 42 samples positive in ELISA 

(52.3%) confirmed the presence of CPE‐inhibiting nAbs in the cell monolayer, showing high 

MN titers. 3 out of 20 borderline ELISA samples (15%) confirmed the neutralizing activity 

against the SARS-CoV-2 Wild type in MN assay (Table 3). To confirm and validate the results 

obtained, each sample was tested in duplicate by two different operators (analyst 1 and 2). 

Finally, each sample was evaluated through a colorimetric read‐ out and the MN titers were 

compared to those obtained with the MN CPE method. 

5.1.3 MN CPE Viral dose:  100 TCID50/well VS 25 TCID50/well 

Based on the assumption that there are not defined indications of the viral dose required for 

functional assays such as MN or plaque reduction, along with the fact that 100 TCID50 is the 

viral load used for other respiratory viruses such as Influenza, to assess the MN CPE assay 

sensitivity in detecting neutralizing antibody against SARS-CoV-2 Wild Type, two different viral 

infective doses were used: a standard dose of 100 TCID50/well and a lower dose of 25 

TCID50/well.  
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Figure 11. MN positive CPE titers (converted in log2) tested against 100TCID50 and 25TCID50 SARS-CoV-2. Mn titers were 

analysed by GraphPad using Linear regression analysis. 

 

The MN titers converted in log2 yielded by MN CPE using the lower infective dose (25 TCID50) 

were in line with those obtained with the standard infective dose (Figure 11), showing a good 

concordance of results (correlation coefficient r2= 0.9988); Only 7 samples (samples 

22,43,45,49,52,56,58) showed a MN titre that was one dilution step higher using 25TCID50 

compared to titers obtained with 100TCID50 (Table 3). Nevertheless, the 88,8 % of samples 

resulted to have the same titer using both 25TCID50 and 100TCID50 confirming the sensitivity 

of the SARS-CoV-2 MN CPE using a lower infective dose.   

5.1.4 Absence of neutralizing activity for human IgG1 monoclonal 

antibody CR3022 

 The CR3022 monoclonal antibody (mAb) has high capability of neutralizing the SARS‐CoV 

strain 79, and we included this mAb (IgG1) within the human serum samples in our MN assay. 

The CR3022 antibody targets a highly conserved epitope on the RBD of SARS‐CoV. The 

concentrations tested in MN ranged from 10 µg down to 0.009 µg. A 60 minutes pre-

incubation was performed between the monoclonal antibody and 100TCID50 of live SARS‐

CoV‐2 Wild type and then the mixture was passed on the VERO E6 monolayer. After 72 hours 

of incubation, no neutralizing activity was obtained at any of the concentrations tested. By 

contrast, very high ELISA titers were detected (data not shown). CR3022, unlike other SARS‐

CoV monoclonal antibodies, recognizes a different epitope from that one recognized on the 

RBD by the ACE2 receptor. Moreover, the C‐terminal RBD residue of SARS‐CoV‐2 virus has 

been found to be quite different from that of SARS‐CoV, which may have a critical impact on 

the cross‐reactivity of neutralizing antibodies:80 Moreover, as already reported by Tian et al 
80 some antibodies with a high capability of neutralizing SARS‐CoV, were found to be unable 

to bind the S protein of the SARS‐CoV‐2 virus. Currently, 3 anti-SARS-CoV-2 monoclonal 

antibody products have received Emergency Use Authorizations (EUAs) from the Food and 
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Drug Administration (FDA) for the treatment of mild to moderate COVID-19 in non 

hospitalized patients with laboratory-confirmed SARS-CoV-2 infection who are at high risk for 

progressing to severe disease and/or hospitalization.81 

 

 
Table 3. ELISA and neutralization titer results converted in log2 for 83 human serum samples tested against SARS-CoV-2 

Wild type strain. Differences between MN titers using 100TCID50 were compared with titers obtained with 25TCID50 testing 

 From 1 to 21 Negative

22 Borderline

23 Borderline

24 Borderline

25 Borderline

26 Borderline

27 Borderline

28 Borderline

29 Borderline

30 Borderline

31 Borderline

32 Borderline

33 Borderline

34 Borderline

35 Borderline

36 Borderline
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Sample ID ELISA ASSAY

MN CPE titer(log2) 

Analyst1   

100TCID50

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

3,32

7,32

4,32

6,32

4,32

9,32

4,32

8,32

2,32

2,32

2,32

2,32

2,32

2,32

MN CPE titer(log2) 

Analyst2   

100TCID50

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

5,32

2,32

2,32

2,32

2,32

2,32

6,32

3,32

6,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

9,32

3,32

5,32

5,32

7,32

9,32

6,32

10,32

7,32

9,32

5,32

9,32

4,32

2,32

2,32

4,32

5,32

4,32

9,32

2,32

2,32

2,32

2,32

2,32

2,32

4,32

8,32

5,32

7,32

9,32

6,32

4,32

8,32

8,32

5,32

9,32

4,32

2,32

2,32

2,32

11,32

7,32

6,32

3,32

6,32

9,32

2,32

2,32

2,32

2,32

2,32

Colorimetric MN 

titer(log2) 

100TCID50

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

3,32

5,32

5,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

9,32

4,32

8,32

8,32

5,32

9,32

2,32

2,32

2,32

4,32

6,32

4,32

6,32

3,32

6,32

4,32

3,32

8,32

5,32

7,32

9,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

MN CPE titer(log2) 

25TCID50

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

9,32

3,32

5,32

5,32

2,32

2,32

6,32

10,32

7,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

8,32

9,32

5,32

9,32

4,32

4,32

2,32

5,32

6,32

4,32

9,32

5,32

8,32

6,32

4,32

6,32

9,32

3,32

8,32

5,32

8,32

9,32

6,32

10,32

2,32

2,32

2,32

2,32

2,32

2,32

5,32

5,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32
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the same serum sample panel. Moreover, differences between MNCPE and Colorimetric MN CPE are reported. Differences 

of 1log2 are highlighted in red. Note: Negative samples are indicated in the first row of the table. Neutralizing titres, obtained 

with CPE (100 and 25TCID50 infective dose) and colorimetric read‐out methods, are indicated for each sample. 

5.1.5 MN assay read‐out: Subjective vs Objective method 

The results obtained in the MN assay in all serum samples were evaluated through two methods of 

read‐out: By inspecting the inhibition of the CPE at each serum dilution (subjective method) with an 

inverted optical microscope, and by applying a colorimetric method in which the healthy cell 

monolayer is stained with a neutral red solution (vital dye). As shown in Figure 12, colums 11th and 

12th of each plate were set up as Cell Control (CC) and Viral Control (CV), respectively. Serum samples 

were progressively diluted 2-fold from column 1 up to column 10. The cut‐off value has been 

calculated  as the average of the CC ODs divided by two. Wells that showed OD values lower than the 

cut‐off were considered virus‐positive, and hence infected.  

 

 

 
 
Figure 12. Schematic overview of the colorimetric MN read‐out. A, SARS‐CoV‐2 virus titration. B, Titration of the working 

viral solution. C, Neutralization plate with a serum sample tested in quadruplicate. In each plate, the column highlighted in 

blue is the cell control (highest OD value), while the column highlighted in red is the virus control (no OD values). The viral 

titres in both the stock solution (A) and the working viral solution (B) are calculated by means of the Reed and Muench 

method. The titre of the serum sample (C) was calculated as the reciprocal of the highest dilution at which the OD value was 

higher than or equal to the cut‐off value. OD, optical density; SARS‐CoV‐2, Severe Acute Respiratory Syndrome‐Coronavirus‐

2.  

 

Results of the comparison between ELISA and MN (Table 3) suggested that a well‐trained 

operator is able to read the CPE, thereby providing the same results as the 

spectrophotometer in terms of titre without differences between the results provided by the 

two different operators and the spectrophotometric evaluation of the ODs.  
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5.1.5.1  MN CPE- Colorimetric MN agreement: Linear regression analysis 

As presented in Table 3, MN CPE and Colorimetric MN demostrated high agreement. Only 3 

out 83 samples (samples 23,49 and 55) differ each other only for 1 log2 step, which is 

considered acceptable. To further analyse the agreement between these two read-out 

methods, a comparison of log2-tranformed MN titers of each serum sample using the 

colorimetric MN and MN CPE results, was performed through a linear regression analysis 

(Figure 13). 

 

 Figure 13. Comparison between MN titers obtained through the MN CPE and the colorimetric MN assay using SARS-CoV-
2 Wild type strain. Results are represented as log2 of MN titers. 

 

As shown in the correlation graph, the MN CPE and the Colorimetric MN titers showed a 

strong correlation confirmed by the correlation coefficient (r2), obtained from each paired 

comparison of MN titers, with a high value (r2 =0.9955) and hence indicative of a strong 

positive correlation. 

5.1.5.2 MN CPE- Colorimetric MN agreement: Bland-Altman analysis 
It should be noted that a concordance measure constructed with the classic correlation 

coefficient does not theoretically represent the best choice when assessing the agreement 

between two variables. In fact, the r2 quantifies the relationship between variables but not 

their difference. In the Bland-Altman plot, the differences between the pairs of 

measurements are plotted against their means. The lower and upper limits of agreement are 

evaluated based on the (normal) distribution of the differences. Points outside the limits of 

agreements indicate statistically significant difference. The plot puts also in evidence a 

possible systematic bias between the two kinds of measurements.  
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Figure 14. Bland-Altman plot of the differences between MN CPE Log2 titers and MN colorimetric Log2 titers. The limit of 

agreement (±1,0, stippled black line) and the overall mean of the differences (bias, red line) are shown.  

This analysis confirmed that titers measured by using two different MN read out methods are 

comparable, showing no significant differences at high or low titers (Bias 0; 95%CI-0.11;0.11) 

(Figure 14). No values are outside the intervals defined as “limits of agreement” (Upper Limit 

of Agreement +1,0; Lower Limit of Agreement -1,0). 

5.1.5.3 MN CPE and Colorimetric MN agreement: Single score intraclass 

correlation (ICC) analysis 

ICC is a measure of reliability of measurements that allows two or more data vectors to be 

compared simultaneously. Reliability informs us on how much variability in measurements is 

an expression of the underlying phenomenon (similar to the concept of r2). A two-way 

random effects approach was followed for calculating the ICC coefficient. According to the 

scale of Koo & Li 74, results of the ICC were interpreted as follows: 

▪ Less than 0.50: Poor reliability 

▪ Between 0.5 and 0.75: Moderate reliability 

▪ Between 0.75 and 0.9: Good reliability 

▪ Greater than 0.9: Excellent reliability 

 

  

Table 4. Single Score intraclass correlation (ICC) analysis of MN CPE and MN Colorimetric log2 titers. 

 

An ICC value 0.993 (95% C.I. 0.985-0.997; p = <0.0001) was obtained when comparing log2 

MN titers obtained with the MN CPE and the colorimetric MN (Table 4). This value can be 

     MN CPE - COLORIMETRIC MN

2 4 6 8 10 12 14-2

-1

0

1

2

Mean of measurement

D
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re
n

c
e

Agreement

Excellent reliability

ICC F-stat p
95%CI_lower 

Agreement

95%CI_upper 

Agreement

0.993 289 <0.0001 0.985 0.997
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interpreted as an excellent level of reliability (ICC ≥ 0.9) of the measures according to the 

Cicchetti scale. 82   

 

5.5.4 MN CPE and Colorimetric MN agreement: Equivalence test 

The comparability between MN-CPE and MN Colorimetric readouts was also assessed by 

using the equivalence test. It allows to compare the means of the two sets of data and 

provides a more informative results, whereby we can compare the statistical significance with 

the analytical significance. The equivalence acceptability criterion (EAC) in this case is set to 

EAC=1, since in terms of titers, a difference between pairs of results (log2-units) in the range 

of ±1 is to be considered acceptable.     

 

 

 

Figure 15. Equivalence test analysis of MN CPE and MN Colorimetric log2 titers. 

 

Mean differences (MN CPE= 6135; MN Colorimetric MN=6135) and 95% confidence intervals 

(0.09, 0.09) showed that these two MN assays have equivalent results (Figure 15). 

 

In summary, Correlation, Bland-Altman, and ICC analysis confirmed that the MN CPE and the 

colorimetric MN showed comparable MN titers against SARS-CoV-2 Wild type strain, 

suggesting the suitability of performing the MN assay using an ‘objective’ read out methods. 
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mean MN-CPE
mean 
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One of the advantages of the colorimetric read‐out is that being a completely automated 

method, it offers a higher throughput, while inspection of each dilution well by means of the 

optical microscope slows down the process.  

 

5.2 RESULTS II 

5.2.1 Comparison between MN CPE and Virospot MN assay 

The second project aimed at evaluating how MN antibody titers correlate with each other 

when comparing the classical MN CPE with a new MN platform immunostaining read-out- 

based (Virospot MN). For this study, the same panel of 47 human serum samples previously 

used in Project I was used against either SARS-CoV-2 Wild type (WT) or Alpha variant.   

5.2.1.1 MN CPE vs Virospot MN assay: SARS-CoV-2 Wild type 

In the MN CPE assay, the neutralization titer of each sample was determined as the highest 

serum dilution that protects more than 50% of VERO E6 cells from the cytopathic effect. 

Serum samples previously diluted (2-fold serial dilution) were mixed with an equal volume of 

viral solution containing 100 TCID50 of SARS‐CoV‐2 Wild type strain or Alpha variant. After 

the incubation period, virus/samples mixture was added in duplicate to a cell plate containing 

a 80-90% confluent VERO E6 monolayer. The plates were incubated for 3 (WT strain) or 4 

(Alpha variant) days at 37°C in a humidified atmosphere with 5% CO2. 

For the Virospot MN assay, a standard number of infectious units (30-350 spots/well) of SARS‐

CoV‐2 Wild type strain was incubated with 2-fold serial dilutions of serum samples, starting 

from 1:8 as first serum dilution. The mixture was added to 80%-90% confluent monolayer of 

VERO E6 cells. Afterwards, the plates were washed once with 120μl of infection medium, then 

100 μl of new infection medium was added. The plates were then incubated for 24 hours at 

37°C in a humidified atmosphere with 5% CO2. After this incubation, the immunostaining was 

performed and the plates were read by a CTL ImmunoSpot analyzer to quantify the 

Nucleoprotein (NP)-positive cells (= virus signal). The 80% and 90% neutralization titers of 

each sample were calculated according to the method described by Zielinska et al. 61 This titer 

calculation is based on the serum dilutions above and below the two reduction points 80% 

and 90% of neutralization.  

MN CPE results were compared to MN Virospot results expressed as the 80% and 90% of 

reduction point (MN80, MN90, respectively). A difference in titers of 1.0 log2 dilution step 

(corresponding to a maximum titer difference of 2-fold) has been defined as acceptable. 

Results of this comparison are plotted in Figure 16.A (MN CPE vs Virospot MN80 titers) and 

Figure 16. B (MN CPE vs Virospot MN90 titers). In the test performed with the SARS-COV-2 

WT, the very low difference between mean values observed with MN CPE (4.42; 95% C.I. 3.89-

4.95) Virospot MN80 (4.72; 95% C.I.4.09-5.35) and Virospot MN90 (4.30; 95% C.I. 3,75-4,85) 

suggests that there is a strong agreement between the CPE-based and the immunostaining-
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based MN assays when the original virus is used. The MN CPE and the Virospot MN assay 

show a comparable trend either when the MN CPE is compared to the Virospot MN titers 

expressed in MN80 (Figure 16.A) or MN90 values (Figure 16.B). 

 

A  B  

Figure 16. MN titers obtained by testing serum samples with MN CPE and Virospot MN. MN titers are converted in log2. 

MN CPE results were compared with both MN Virospot reduction point results, 80% (MN80, Fig. A) and 90% (MN90, Fig. B), 

using SARS-CoV-2 Wild type strain. The Mean of the samples tested with the two MN methods and the 95% Confidence 

intervals (C.I) of the Mean are shown. 

In conclusion, an overall agreement between the two different MN methods to detect 

neutralizing antibody against the WT strain was observed. Additionally, pre-pandemics 

samples do not show any protection from the WT virus in either of the two assays, indicating 

that the methods show identical ability to detect negative titers. 

5.2.1.2 MN CPE vs Virospot MN assay: SARS-CoV-2 Alpha variant  

The same panel of 47 human serum samples previously tested in the 1st run against SARS-

CoV-2 Wild type strain was tested against SARS-CoV-2 Alpha variant.  

A standard number of infectious units (30-350 spots/well) of SARS‐CoV‐2 Alpha variant was 

incubated with serial dilutions of serum samples, starting from 1:8 as first dilution. The same 

procedure used in the 1st run was then followed. The log2-trasformed neutralization titers of 

all the 47 samples obtained through the MN CPE were compared to those obtained 

calculating the Virospot MN80 and MN90.  
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A  B  

Figure 17.  MN titers obtained by testing serum samples with MN CPE and Virospot MN. MN titers are converted in log2. 

MN CPE results were compared with both MN Virospot reduction point results, 80% (MN80, Fig. A) and 90% (MN90, Fig. B), 

using SARS-CoV-2 Alpha variant. The Mean of the samples tested with the two MN methods and the 95% C.I of the Mean are 

shown. 

As shown in Figure 17, the MN assays performed with SARS-CoV-2 Alpha variant showed 

similar ability to detect virus-specific neutralizing antibodies. When the MN CPE titers were 

compared to the Virospot MN80 titers (Figure 17.A), the Mean values are very close to each 

other (4.04; 95% C.I. 3.54-4.54; and 3.87; 95% C.I. 3.24-4.50, respectively). A slightly higher 

difference in mean titers was observed when comparing MN CPE and Virospot MN90 results 

(Figure 17.B), with lower titers obtained by using the MN Virospot with the 90% reduction 

point readout (Mean titer: 3.23; 95% C.I. 2.73-3.73). However, the means differ by less than 

1log2, hence they are still regarded as similar.  
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Table 4. Comparison of Individual MN titer values obtained from the MN CPE and Virospot MN (expressed in MN80 and 
MN90 results). Titers are converted in log2. For each sample, difference (“Diff”) in log2-titers of samples tested with the use 
of MN CPE and Virospot MN80 (“Diff MN CPE titers(log2)/Virospot MN80 titers(log2)”) or MN CPE and Viropot MN90 (“Diff 
MN CPE titers(log2)/Virospot MN90 titers (log2)”), are shown for both SARS-CoV-2 WT and Alpha variant. Differences greater 
than 1log2 are highlighted in red. 

 

Table 4 shows that results obtained by using these two different MN methods are highly 

reproducible, with MN titer of each sample being within 1log2 difference for many samples. 

When the SARS-CoV-2 Wild type strain was used, MN CPE titers were similar to titers obtained 

using Virospot MN80 (column “Diff MN CPE titers(log2)/Virospot MN80 titers(log2) of Table 

4) in 83% of the cases (39 out of 47). Similarly, 81% of Virospot MN90 titers are in agreement 

with MN CPE titers, with only 5 samples showing greater than 1log2 difference in titers 

obtained with the two different methods (column “Diff MN CPE titers(log2)/Virospot MN90 

titers(log2) of Table 4).   

When Alpha variant was used, a 72% agreement (34 ot of 47 samples) was observed when 

comparing MN CPE titers and Virospot MN titers expressed in MN80 values; and 64% of titers 

were instead similar (30 out of 47) when MN CPE results were compared with Virospot MN90 

results. 

In conclusion, the greatest differences were found when the CPE-based and the 

immunostaining-based methods were performed using the Alpha variant, showing a lower 

agreement (72% for the comparison MN CPE vs MN80; and 64%, for MN CPE vs MN90) than 

2,32

2,32

2,32

2,32

2,32

7,32

5,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

2,32

5,32

4,32

4,32

5,32

3,32

4,32

3,32

5,32

2,32

3,32

5,32

3,32

2,32

6,32

4,32

3,32

5,32

5,32

8,32

5,32

5,32

5,32

4,32

3,32

8,32

5,32

4,32

2,57

3,32

5,26

6,02

5,97

5,51

8,19

6,32

2,00 2,00

5,44

6,81

Diff MN CPE 

titers(log2)/Virospot 

MN80 titers (log2)

Virospot MN90 titers 

(log2)

Virospot MN80 titers 

(log2)

SARS-CoV-2 Alpha variant

MN CPE titers(log2) 

6,32

4,32

2,32

5,32

0,32

0,32

0,32

0,32

0,32

0,32

0,32

0,32

0,32

0,32

0,32

0,32

0,32

0,32

0,32

1,21

1,32

-1,75

1,32

1,06

3,32

0,57

3,32

2,32

2,32

1,32

1,17

1,06

0,30

0,32

0,32

0,32

0,32

0,32

0,32

-0,02

-0,04

Diff MN CPE 

titers(log2)/Virospot 

MN90 titers (log2)

0,26

-0,57

0,32

-0,13

0,69

0,69

0,64

0,49

2,32

1,32

0,12

1,32

0,32

0,03

-0,45

0,32

0,32

0,32

0,32

0,32

0,32

0,32

0,32

0,32

2,00

2,00

2,00

2,00

4,75

2,00

-0,49

-1,11

0,32

-1,00

0,14

-0,19

-0,64

-0,69

-0,94

1,32

0,48

-0,77

-0,29

-1,12

-1,34

-0,80

0,32

-0,82

2,00

2,00

2,00

2,00

2,00

2,00

2,00

2,00

2,00

2,00

2,00

4,11

2,00

6,07

2,00

4,26

2,00

2,00

7,34

5,36

6,07

4,89

5,45

7,64

4,63

4,68

4,83

2,00

2,00

7,15

4,26

4,02

2,00

5,21

2,00

2,00

6,29

4,78

2,00

2,00

4,75

2,00

2,00

2,00

2,00

2,00

2,00

2,00

2,00

2,00

2,00

6,67

2,00

5,12

2,00

2,00

2,00

2,00

2,00

2,00

6,00

2,00

2,00

6,11

2,00

2,00

2,00

4,99

2,00

2,00

7,84

6,09

4,61

4,44

6,67

4,12

2,00

7,14

46

47

33

34

35

36

37

38

39

40

41 2,00

2,00

2,00

2,00

2,00

7,17

5,31

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

4,19

2,00

2,00

2,00

2,00

2,00

2,00

2,00

2,00

5,44

5,60

5,09

4,11

4,03

4,26

4,64

4,58

2,00

5,06

3,85

8,87

5,34

5,07

5,36

5,29

4,13

3,49

SARS-CoV-2 Wild type

SAMPLE ID

5,71

6,07

4,09

5,31

8,91

5,42

5,30

2,00

6,32 7,46

5,32 6,12

7,13

6,64

4,50

6,06

9,47

6,34

5,71

6,72

2,00

2,32 2,00

2,32 2,00

2,32 2,00

2,32 2,00

2,00

2,32 2,00

2,32 2,00

2,32 2,00

2,32 2,00

6,09

2,32 2,00

2,32 2,00

2,32 2,00

2,32 2,00

4,24

5,32 4,50

4,32 5,19

5,32 5,74

4,32 3,15

6,06

3,32 4,30

3,32 4,25

7,32 8,02

5,32 6,54

0,32

0,32

0,32

0,32

0,32

0,32

0,32

0,32

0,32

-0,28

0,08

0,82

-0,87

-0,42

1,17

-0,77

0,32

0,32

MN CPE titers(log2) 
Virospot MN80 titers 

(log2)

Virospot MN90 titers 

(log2)

-0,81

-0,32

-0,18

-0,74

6,32

6,32

4,32

5,32

Diff MN CPE 

titers(log2)/Virospot 

MN90 titers (log2)

0,62

0,25

0,23

0,01

3,32

-0,79

3,32

2,32

2,32

0,34

1,32

-2,35

1,32

0,21

-1,68

1,32 1,324,32 5,47

5,32 6,25

6,32 6,36

5,32 5,24

4,32 4,60

8,32

6,32

6,32

6,32

4,32 5,51

4,32 4,32

9,32 9,36

5,32 6,23

2,32

2,32

42

43

44

45

4,32

5,32

2,32

24

25

26

27

28

29

30

31

32

5,32

4,32

5,32

18

19

20

21

22

23

2,32

1,13

0,32

0,32

0,32

0,32

0,32

0,32

0,32

0,32

0,32

0,32

-0,16

-0,09

-0,67

-0,60

-0,11

0,72

0,23

0,21

0,30

1,07

-0,32

0,74

-0,59

0,90

1,02

0,00

-0,74

0,47

0,45

-0,02

0,25

-1,04

0,03

-0,81

0,32

0,32

0,32

0,32

-1,14

-0,80

0,32

0,32

0,32

0,32

0,32

-0,85

0,01

2,00

2,00

-0,91

-1,06

-1,41

-0,74

-0,98

-0,93

-0,70

-1,22

-1,15

-0,92

-0,04

0,09

7,42

5,99

4,92

Diff MN CPE 

titers(log2)/Virospot 

MN80 titers (log2)

-1,15

-0,01

0,61

-0,40

-1,19

0,00

-0,03

6,38

5,73

6,33

DocuSign Envelope ID: D8748998-8094-47F8-AC88-00BE4130D670



59 
 

that showed in the run where the Wild type strain was used (83% for MN CPE vs MN80; 81% 

for MN CPE vs MN90).  

 

    

5.2.2 MN CPE and Virospot MN agreement: Linear regression analysis 

A comparison of log2-tranformed MN titers using the two different coronavirus variants (Wild 

type and Alpha) was performed through the use of linear regression analysis (Figure 18).   

SARS-CoV-2 Wild type 

A  B  

SARS-CoV-2 Alpha variant 

C  D  

Figure 18. Correlation between MN titers obtained through the MN CPE and the Virospot MN assay, for both MN80 and 
MN90 results, using SARS-CoV-2 WT (A and B) and Alpha variant (C and D). Results are represented as log2 of MN titers. 

The correlation of the two assays was assessed using Pearson's correlation. When the SARS-

COV-2 WT was used (Figure 18 A, B) the MN CPE assay demonstrated an excellent correlation 

with either the Virospot MN 80% reduction point (r2 = 0.9091), or the Virospot MN 90% 

reduction points) (r2 = 0.8900). A decrease in the correlation values was observed when the 
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Alpha variant was used, showing r2=0.7226 (MN CPE/Virospot MN80) (Figure 18 C) and r2= 

0.6673 (MN CPE/Virospot MN90) (Figure 18 D). 

5.2.3 MN CPE- Virospot MN agreement: Bland-Altman analysis 

To further analyse the concordance between the MN CPE and the Virospot MN results, the 

Bland-Altman analysis has been performed. Differences between the pairs of measurements 

were plotted against their means for each assay, and for each strain (Wild type; Figure 19, 

A,B); and Alpha; Figure 19 C,D). As shown in Figure 19, the Bland-Altman analysis shows only 

small differences in MN titers measured using MN CPE and MN Virospot (MN80 or MN90) 

regardless of the viral strain used (Wild type or Alpha variant). 

 

SARS-CoV-2 Wild type 

A B  

SARS-CoV-2 Alpha variant 

C  D  

Figure 19: Bland-Altman plot of differences between MN CPE and Virospot MN80(A), or MN CPEand MN90(B) log2-

converted titers converted, using the WT strain. Differences between MN CPE and Virospot MN80, or MN CPE and MN90 

log2-converted titers using the Alpha strain are shown in Fig.C and D, respectively.  
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In Figure 19, the mean difference of each value (black bullets) between the two methods is 

plotted. The limits of agreement (stippled black lines) and the overall mean of differences 

(bias, red line) are shown.  

In the assay run with the use of the Wild type strain (Figure 19 A, B) only one serum (sample 

n.29) showed a greater value than the higher limit of agreement when MN CPE titers were 

compared to the Virospot MN80 titers.  

Instead, in the comparison between MN CPE and Virospot MN90 using the SARS-CoV-2 Alpha 

variant, a significant systematic bias (-0.812; 95% Limits of Agreement -1.18, 2.81) was found. 

O 4 out of 47 serum samples (sample n.21, 23, 24 and 25) showed a greater value than the 

higher limit of agreement (Figure.19, C, D) and one sample (sample n.28) exceeded the lower 

limit of agreement when comparing MN titers with either Virospot MN80 or MN90 titers. 

Samples 9, 46 and 47 showed a difference higher than the higher limit of agreement only in 

the comparison between MN CPE and Virospot MN90.  

Overall, a higher concordance was found when comparing the MN CPE titers with Virospot 

MN80 (rather than MN90) titers for both SARS-COV-2 strains. However, while the use of WT 

strain yielded very similar results with either MN CPE, Virospot MN80 and Virospot MN90, 

greater differences were observed in the tests performed by using the Alpha variant, 

especially in the comparison MN CPE/Virospot MN90.  

 

5.3 RESULTS III 

5.3.1 SARS-CoV-2 Virospot MN assay: Optimization and robustness 

assessment 

The Virospot MN assay performed in Project II has been validated for SARS-CoV-2 WT, variant 

BavPat1/2020, isolated in the beginning of the COVID-19 pandemic. However, since new viral 

variants have emerged, several new conditions (such as the choice of infection medium or 

the concentration of CMC to be used for plates overlay) needs to be adapted to optimize the 

method and make it more sensitive for the analysis of samples against the new variants. 

Moreover, to assess the assay robustness, different temperatures and incubation time points 

should be tested.  

The optimization study carried out in this project (Project III) has been performed using four 

different SARS-CoV-2 variants (Wild Type, Alpha, Beta, and Gamma). To compare MN titer 

results of these different variants, the virus input should be similar and since they have 

different replication kinetics and spot morphologies, the use of CMC is necessary.  After the 

initial infection and application of CMC, individual spot will begin to develop as viral infection 

and replication are constrained to the surrounding monolayer. Infected cells will continue the 

replication-lysis-infection cycle, further propagating the infection, resulting in increasingly 
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distinct and discrete spots. A CMC concentration of 1% was used in most of the optimization 

assays based on previous setup experiments (Figure 20). Different sample matrices 

(Optimization I), culture media (Optimization II), and incubation time/temperature 

(Optimization III and IV) were then assessed to evaluate test performance and robustness. 

Finally, a thorough assessment of CMC concentration was performed (Optimization V) on the 

optimized assay, so that to improve the spot count under the chosen conditions. 

WT                         Alpha                      Beta 

 

Figure 20. Overview of spots morphology without and with CMC 1% for SARS-CoV-2 Wild type, Alpha and Beta variant. 

 

5.3.1.1 Optimization I – Sample matrix evaluation: Serum vs Plasma 

In the first Optimization performed, DMEM was used as culture medium and CMC 1% was 

added as overlay after the incubation and removal of the mixture sample/virus on the VERO 

E6 cells. The SARS-CoV-2 neutralizing titer of 11 matched serum and EDTA plasma samples 

(from identical donations) were determined, in order to assess the effect of the sample matrix 

on the results. Incubations were carried out at 37°C, 5% CO2. Samples were tested against 

the four different SARS-CoV-2 viruses above mentioned (WT, Alpha, Beta and Gamma).  

Both serum and plasma samples showed substantial neutralization against the WT variant, 

with a mean titer of 7.01 (95%C.I. 5.98-8.05) 4.92  (95%C.I. 4.11-5.76) and 2.78 (95%C.I. 2.37-

3.18) in MN50, MN80 and MN90, respectively (Figure.21 A,B,C), The mean values for the 

other variants tested was lower than the mean obtained for the WT strain, independently of 

the matrix used (Figure 22) .  

For each virus and reduction point evaluated (MN50, MN80 and MN90), T-test analysis was 

performed in order to assess whether the means of the two matrices (serum and plasma) 

were statistically different from each other. This analysis confirmed the similarity in titers 

between results obtained with serum and plasma samples (p > 0.05) (Figure 21).  

 

DocuSign Envelope ID: D8748998-8094-47F8-AC88-00BE4130D670

https://www.news-medical.net/health/What-is-an-Antibody-Titer.aspx


63 
 

 

Figure 21, Mean of the converted log2 MN titers obtained by testing serum and plasma samples against four different 

SARS-CoV-2 variants (Wild Type, Alpha, Beta, Gamma) through Virospot MN. Results are reported for each reduction 

point, i.e. MN50, MN80 and MN90 titers (A, B, C, respectively). Horizontal dotted line indicates the lowest sample dilution 

tested. (p>0.05; paired t-test). 

Comparison of mean titers obtained by using MN50, MN80 and MN90 showed that slightly 

different results can be obtained depending on the reduction point used. The highest means 

were reported when results were expressed as MN50 while the lowest when the MN90 was 

used as readout (Figure 21). Based on the virus variant tested, which might be more or less 

susceptible to neutralization compared to another variant, and the chosen reduction point, a 

sample can have a high or low MN titer result or can even be negative. As such it is expected 

and accepted that the number of MN titer results is not equal for all virus variants and 

reduction points. 
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Figure22. Comparison analysis of Mean values for each reduction point (MN50, MN80, MN90) obtained by testing serum 

and plasma samples against four different SARS-CoV-2 variants (Wild Type, Alpha, Beta, Gamma). 

Although still highly similar, as also confirmed with the t-test, the major differences between 

serum and plasma assessments were observed when using the WT strain (Difference in log2 

mean titers between matrices - Dmeanmatrix – MN50: 0,79; MN80: 0,34; MN90: 0,52). Smaller 

differences were reported with Alpha (Dmeanmatrix MN50: 0,31; MN80: 0,39; MN90: 0,28) 

Beta (Dmeanmatrix MN50: 0,15; MN80: 0,05; MN90: 0,12) and Gamma variant (Dmeanmatrix 

MN50: 0,62; MN80: 0,31; MN90: 0,4). In comparison to the WT variant, the mean titer 

obtained by using the Alpha, Beta or Gamma variant as viral input was lower, showing 

differences in mean values between WT and Alpha, Beta, Gamma ranging between 0.86 (WT 

/Alpha mean) and 2.42 (WT/Gamma mean values) (Table 5).  
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Table 5. Mean values for MN50, MN80 and MN80 of serum and plasma samples tested against SARS-CoV-2 Wild type, 
Alpha, Beta and Gamma variant. Difference between the mean value of each group of serum and plasma samples tested 
against WT and the mean value of samples tested with the other three variants (Alpha, Beta and Gamma) is shown. 

 In conclusion, these results demonstrate that serum and EDTA plasma are suitable and 

equivalent sample matrices to be tested in the SARS-CoV-2 Virospot MN assay, with a trend 

for larger (though acceptable) differences between the two matrices observed when i) the 

original SARS-CoV-2 virus is used, rather than its variants, and when ii) the MN50 is used as 

reduction point. The above evaluation also shows a general reduction in neutralization 

capacity of human serum/plasma samples towards SARS-CoV-2 variants (especially Beta and 

Gamma) as compared to activity showed against Wild Type SARS-CoV-2. 

5.3.1.2 Optimization II - Effect of culture media on spot count and MN titer 

results 

In this experiment the use of two different infection media, DMEM with CO2 and MEM 

without CO2 supplementation using the same cell line (VERO E6), was evaluated. Using the 

latter culture medium, it was previously demonstrated, performing a viral titration, that Vero 

E6 cells become more susceptible and permissive for SARS-CoV-2 (data not shown). Reducing 

the virus input may be regarded as an option in this case, but this might increase assay 

sensitivity and expenses of specificity. Therefore, the effect of the different culture media on 

neutralization titers was assessed testing a panel of 10 serum samples and 10 EDTA plasma 

samples against different infectious doses of SARS-CoV-2 Wild Type, Alpha, Beta and Gamma 

variants. A COVID-19 convalescent pooled serum, VC-Lot# VC-2120140051 used as positive 

control of the assay.  

 

7.02 Serum 4.94 Serum 4.16 Serum

6.23 Plasma 4.60 Plasma 3.64 Plasma

5.60 Serum 3.60 Serum 3.06 Serum

5.29 Plasma 3.21 Plasma 2.78 Plasma

4.85 Serum 3.26 Serum 2.60 Serum

4.70 Plasma 3.31 Plasma 2.72 Plasma

4.60 Serum 3.16 Serum 3.00 Serum

3.98 Plasma 2.85 Plasma 2.60 Plasma

Serum 1.00 Serum 1.34 Serum 1.11

Plasma 0.94 Plasma 1.39 Plasma 0.86

Serum 2.17 Serum 1.67 Serum 1.56

Plasma 1.53 Plasma 1.29 Plasma 0.92

Serum 2.42 Serum 1.78 Serum 1.16

Plasma 2.25 Plasma 1.75 Plasma 1.04

WT/Beta

WT/Gamma

WT/Beta

WT/Gamma

Mean values difference 50% Mean values difference 80%

WT/Alpha

WT/Beta

WT/Gamma

SERUM VS PLASMA mean 90% 

WT

Alpha

Beta

Gamma

WT/Alpha

Mean values difference 90%

WT/Alpha

WT

Alpha

Beta

Gamma

SERUM VS PLASMA mean 50% SERUM VS PLASMA mean 80% 

WT

Alpha

Beta

Gamma
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Table 6. Virus stock dilution factors and the mean of the Viral Control (VC) spot counts obtained using DMEM + CO2 and 
MEM-CO2 are showed for each variant (WT, Alpha, Beta and Gamma). 

The SARS-CoV-2 neutralizing titers of eleven matched serum and EDTA plasma samples (from 
identical donations) were determined, using DMEM with CO2 (DMEM + CO2) and MEM 
without CO2 supplementation (MEM – CO2). SARS-CoV-2 WT, Alpha, Beta and Gamma 
variants that were used for this assessment were diluted as described in Table 6, and results 
were expressed as MN50, MN80 and MN90 (Figure 23). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variant 

DMEM + CO2 MEM - CO2 

Dilution factor 

stock 

Mean spot 

count VC 

wells 

Dilution factor 

stock 

Mean spot count 

VC wells 

WT 120 98 700 81 

Alpha 5 111 100 22 

Beta 75 67 200 119 

Gamma 50 104 1,200 38 
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A  

B  

C  

D  

Figure 23. Comparison between MN50, MN80, MN90 titers for Wild type(A), Alpha(B), Beta(C), Gamma(D) variants 

obtained using two different media, DMEM + CO2 and MEM - CO2. MN50, MN80, MN90 titers are reported as the highest 

sample dilution where we have 50%,80%,90% of plaque reduction compared to the virus control. 
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Samples clearly showed higher MN titers when using MEM - CO2, compared to DMEM + CO2. 

The magnitude of the increase differed per variant virus used.  

T-test analysis showed that means obtained with DMEM+CO2 and MEM-CO2 are significantly 

different, showing p values <0.05 (Table 7). Only in the case of the Beta variant MN50 and 

MN90 readout the p value is >0.05, so no difference between the two different 

media/incubation conditions is shown in MN titers when this SARS-CoV-2 variant was used. 

 

 
 

Table 7. T-test analysis. P values overview for MN50, MN80, MN90 titers obtained with SARS-CoV-2 Wild type, Alpha, Beta 

and Gamma variant using DMEM + CO2 and MEM - CO2 media. Not significant differences are highlighted in red. 

Because of the increased sensitivity and the possibility of using a higher virus dilution, it was 

decided to perform all the following experiments using MEM without CO2 supplementation. 

5.3.1.3 Optimization III - Sample/virus first incubation step: Different 

temperatures and time points 

To investigate the robustness of the first incubation step between diluted samples and virus, 

the effect of three different incubation timepoints (30 min, 70min, 150 min) and two different 

incubation temperatures (37°C/room temperature) have been evaluated on MN titer results. 

MEM W/O CO2 was used as infection medium and CMC 1% as overlay post infection. A panel 

of 3 serum samples with High(H), Medium (M) and Low (L) titer and 3 EDTA plasma samples 

showing H, M, and L titer (Sample ID "I100557139001", "I100557150001", 

"I100557077001";"I100557160001", "I100557101001" "I100557078001”, respectively) were 

selected from the Optimization II experiments and their MN titers were determined. Based 

on Optimization I and Optimization II experiments, it was chosen to express results as MN80. 

This reduction point seemed a good compromise as i) it results in low differences in mean 

titers when testing different human specimens (plasma or serum) from the same donor as 

compared to MN50 results (Optimization I; Figure 21); ii) when MEM w/o CO2 is used, there 

is a lower risk towards diminished sensitivity of the assay with the MN80 readout as compared 

to the MN90 readout (which instead might not spot low positive results); and iii) when MEM 

without CO2 is used, results expressed as MN80 show a lower tendency towards decreased 

specificity compared to the use of the MN50 reduction point (Optimization II; Figure 23). 

According to the Optimization I experiments, the major differences in mean titers of the same 

panel of samples were observed between Wild Type strain and Gamma variants results 

(Optimization I; Table 5). The two viruses also show significant differences in samples mean 

titer results when using different infection media to perform the Virospot MN. Hence, in order 

MN50 (p value ) MN80 (p value ) MN90 (p value )

WT < 0.0001 0.0014 0.0002

Alpha 0.0003 0.0043 0.0027

Beta 0.9559 0.0240 0.0550

Gamma < 0.0001 0.0009 0.0100

DocuSign Envelope ID: D8748998-8094-47F8-AC88-00BE4130D670



69 
 

to have an idea of the maximum variability possible when changing critical conditions (such 

as serum-virus incubation time, and incubation temperature), it was decided to prioritize the 

analysis of these two viruses over the other SARS-COV-2 variants. As reported in Figure 24 A, 

incubation of serum samples with the Wild type SARS-CoV-2 virus at 37°C results in an 

increase in MN titers which is time-dependent. While no major differences are observed 

between the minimum (30 minutes) and standard (60 minutes) incubation timepoints. A 

>1log2 increase in mean titers was reported when comparing results of the standard 

condition and the maximum incubation time (120 minutes), with a tendency for larger 

increase in neutralization when evaluating high-titer samples (Maximum difference observed: 

2,93 log2).  At RT, the effect of incubation time on WT MN titer is limited (Figure 24 B) 

regardless of the neutralization capacity of the sample of interest. Titers measured at 37°C 

and RT are very similar when the virus-sample mixture is incubated under the standard 

condition. Thus, we can conclude that using RT as incubation temperature makes the assay 

performed with the WT strain under the tested conditions (matrix: serum samples; infection 

medium: MEM; CO2 supplementation: none) more robust.  

 

A B  

Figure 24. MN80 titers of samples I100557139001", "I100557150001", "I100557077001";"I100557160001", 

"I100557101001" "I100557078001” along with the positive control VC-2120140051 are showed using SARS-CoV-2 Wild 

type. Two temperatures (37°C and RT) and different time points (30min,60min,120min) were evaluated for the first 

incubation between samples and virus. Titers are reported as the highest sample dilution where we have 80% of plaque 

reduction compared to the virus control. The red line shows the lowest sample dilution step. 
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A B  
 

Figure 25. MN80 titers of samples I100557139001", "I100557150001", "I100557077001";"I100557160001", 

"I100557101001" "I100557078001” along with the positive control VC-2120140051 are showed using SARS-CoV-2 Gamma 

variant. Two temperatures (37°C and RT) and different time points (30min,60min,120min) were evaluated for the first 

incubation between samples and virus. Titers are reported as the highest sample dilution where we have 80% of plaque 

reduction compared to the virus control. The red line shows the lowest sample dilution step. 

The effect of a different incubation temperature was less pronounced using the Gamma 

variant (Figure 25). No consistent increase in MN titers was generally observed in medium 

and high titers serum samples either at 37°C or RT, in any of the timepoint evaluated. 

Neverthless, a higher than 1log2 difference between the standard condition and the 

maximum incubation time was observed when testing low positive samples at 37°C 

(Maximum difference observed: 1,26 log2), showed in Figure 25, A, whereas no major 

differences were reported when evaluating the same timepoints at RT. This suggests once 

again that RT may be a suitable incubation temperature, able to provide an advantage in 

terms of assay robustness (Figure 25,B).  

Mean titers reported in Table 8  confirm the variation between different incubation 

conditions after 60 up to 120 minutes at 37°C using WT strain, with an increase of 2,02% . 

When performing the assay with the Gamma variant,  Mean values did not show a significant 

variation in any of the different incubation conditions. A steady increase in Mean values has 

been observed at 37°C (0,3%-0,2% after 30 and 60 min, respectively) and a decrease at RT 

after 60 minutes of incubation (decrease of -0,12% compared to Mean after 60 minutes of 

incubation). 
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Table 8. Mean values overview for samples tested with WT and Gamma variant. During the first incubation period 

(sample/virus) different temperatures (37°C and RT) and different time points (30min,60min,120min) were evaluated. 

Taken together these results indicate that the assay might be more robust when incubation 

is performed at RT, instead of 37°C. Therefore it was decided to perform the following 

experiments mantaining the sample/virus incubation step at room temperature with a limit 

to 60 minutes.  

5.3.1.4 Optimization IV: Sample/virus mix on VEROE6 cells incubation step: 

Different time points 

In the second incubation the mixture samples/virus is added on the VEROE6 cells. In the 

validated Virospot MN, after 60 min of incubation at 37°C, the mixture is removed, and fresh 

infection medium is added and incubated for 24 hours (final incubation).  

To assess the robustness of the second incubation period, three time points were tested: 30, 

60 and 120 minutes. The same panel of 6 samples previously used in the Optimization III 

experiments were tested against SARS-CoV-2 WT and Gamma variant. MN titers are reported 

as MN80 and are expressed as the highest sample dilution where there is a 80% plaque 

reduction compared to the virus control. 

 

 

 

 

 

                                                                                                                                             

30min 60min 120min 30min 60min 120min

161.3

Gamma 79.9 104.2 124.9 68.67 111.5 97.36

WT 120.2 149.6 452.7 123.4 123.8

 Serum/virus incubation: Mean values of MN titers

Variant
37°C Room Temperature
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A B   

Figure 26. MN80 titers of samples I100557139001", "I100557150001", "I100557077001";"I100557160001", 

"I100557101001" "I100557078001” along with the positive control VC-2120140051 are showed using SARS-CoV-2 WT and 

Gamma variant. Different time points (30min,60min,120min) were evaluated for the second incubation of the mixture 

samples/virus on VEROE6 cells. Titers are reported as the highest sample dilution where we have 80% of plaque reduction 

compared to the virus control. The red line shows the lowest sample dilution step. 

In Table 9, mean titer values are shown for WT and Gamma variant after 30,60 and 120 min 

of incubation. Using SARS-CoV-2 WT the MN titers were found to be higher with increasing 

incubation times (Figure 26, A). Analysis of the mean titer yielded at each timepoint 

confirmed a steady increase in mean values with the use of the WT variant (Table 9). A 26,8% 

Mean increase has been observed after 30 min of incubation and 25% increase after 60 min 

of incubation. 

 
 

Table 9. Mean values overview for the second incubation step where serum/virus mixture was added on VEROE6 cells. 

Different time points (30min,60min,120min) were evaluated. 

More variable results were observed for the Gamma variant showing a slight decrease (-

0,08%) after 30 min of incubation. Taken together the MN titers at 120 minutes were 

generally the highest. To avoid variation in titers and hence to have more stable MN titers, a 

period of 60 minutes has been chosen as the best timepoint to carry on for the second 

incubation between samples/virus mixture and VEROE6 cells.  
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5.3.1.5 Optimization V: Effect of different CMC concentration and incubation 

time on spot size and count 

CMC overlay can be used as immobilizing overlay following the initial infection on VEROE6 

cells to prevent SARS-CoV-2 infection from spreading indiscriminately in the well. Using this 

overlay, the virus input can be accurately estimated, depending on the concentration of CMC 

used (higher concentration causes smaller spots) and the total incubation time (longer 

incubation period causes bigger spots, which increase with the incubation time (8, 24, or 32 

hours). 

To investigate the optimal combination of the CMC percentage and optimal incubation time 

on the spot count, 1, 2 and 3% CMC were tested and different incubation time points (8, 24 

and 32 hours) were evaluated on SARS-CoV-2 WT, Alpha, Beta and Gamma variant titrated in 

8 replicates. Based on the performance of the experiment, CMC 3% plates were removed 

from this analysis because of the high viscosity that did not permit to dispense the solution in 

a proper way on the plates, hence that concentration was considered not practical enough. 

No samples were used in this experiment. SARS-CoV-2 WT, Alpha, Beta and Gamma variant 

were titrated as follows: 10-fold serial dilution, starting from virus stock sample. Each viral 

sample was titrated in 8 replicates starting from column 1 up to column 11. Column 12 was 

taken as cell control. To compare the variation in spot size and spot count, two columns of 

the 96 well plates were taken as representatives for each viral variant. Each column 

represents one single viral dilution in 8 replicates. In the following graphs the mean value of 

each column has been reported to analyze how the spot count and spot size differ after 8, 24 

and 32 hours of incubation. 
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A B  

C  D  

Figure 27. Effect of CMC 1% and 2% and different incubation time (8,24,32 hours) on WT spot count and spot size. Two 

columns (6,7) of 96 well plate are shown. Spot count (A, C) and spot size (B, D) are reported as the mean value of each column 

+/-SEM. 

As reported in graphs of Figure 27 A, C up to 24 hours spot counts are relatively consistent 

when using 1% or 2% CMC and these counts do not increase with incubation time. At 32 hours 

the spot counts increase when 1% CMC is used compared to 2% CMC; This is due to 

overlapping spots, complicating the accurate counting of spots. Moreover, smaller plaques 

were formed under 2% CMC  as compared to 1% CMC (Figure 27 B,D). A significant increase 

in spot size was observed after 24 hours of incubation when 1% CMC was used (51,3 mm2; 

47,61 mm2 bigger than spot size after 8 hours) showed in Figure 27; B and D,respectively. 

When CMC 2% was used a lower and steady increase in the spot size has been observed 

increasing with the incubation time. After 48 hours an increase of 30mm2, compared to 

results obtained after 24 hours of incubation, was detected. 

 

 

 

WT; Spot counts; Column 6

8 24 32

0

20

40

60

80

100

120
1% CMC

2% CMC

Incubation time (hours)

S
p

o
ts

/w
e
ll

WT; Spot size; Column 6

8 24 32

0

50

100

150
1% CMC

2% CMC

Incubation time (hours)

S
p

o
t 

s
iz

e
 (

1
e

-3
 m

m
2
)

WT; Spot counts; Column 7

8 24 32

0

20

40

60

80

100

120
1% CMC

2% CMC

Incubation time (hours)

S
p

o
ts

/w
e
ll

WT; Spot size; Column 7

8 24 32

0

50

100

150
1% CMC

2% CMC

Incubation time (hours)

S
p

o
t 

s
iz

e
 (

1
e

-3
 m

m
2
)

DocuSign Envelope ID: D8748998-8094-47F8-AC88-00BE4130D670



75 
 

A  B  

C D  

Figure 28. Effect of CMC 1% and 2% and different incubation time (8,24,32 hours) on Alpha variant spot count and spot 

size. Two columns (4,5) of 96 well plate are shown. Spot count (A, C) and spot size (B, D) are reported as the mean value of 

each column +/-SEM. 

The same effect on the spot size was observed in Alpha variant using CMC 2%. Spots are 

smaller using 2% CMC compared to 1% CMC (Figure 28 B,D). A slight increase in the spot 

count with 1% CMC was noticed (Figure 28 A,C) after 24 hours, compared to 2% CMC; At 8 

hours the spot counts is as high as 24 and 32 hours (104; 109; 115 number of spots in column 

4 and 39; 52; 52 number of spots in column 5 after 8, 24 and 32 hours, respectively) when 1% 

CMC was used as overlay, indicating that the spot counts remain unaffected by time. This is 

due to overlapping spots, complicating the accurate counting. 
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A B  

C D  

Figure 29. Effect of CMC 1% and 2% and different incubation time (8,24,32 hours) on Beta variant spot count and spot size. 

Two columns (5,6) of 96 well plate are shown. Spot count (A, C) and spot size (B, D) are reported as the mean value of each 

column +/-SEM. 

Spots size steady increased with increasing the incubation time points when 1%CMC was 

used. Also when Beta variant was used, spots are smaller using 2% CMC compared to 1% CMC. 

After 8 hours no significant difference between the use of 1% CMC and 2% CMC has been 

detected in both columns neither in spot count nor in spot size (Figure 29). In column 5, a 

remarkable increase in spot count was observed in the 1% CMC plate after 24 hours (spot 

counts after 8 hours 90; spot count after 24 hours 140). A small decrease in spot counts after 

24 hours was observed in column 5 with 2%CMC (Figure 29, A).  
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A B  

C D  

Figure 30. Effect of CMC 1% and 2% and different incubation time (8,24,32 hours) on Gamma variant spot count and spot 

size. Two columns (6,7) of 96 well plate are shown. Spot count (A, C) and spot size (B, D) are reported as the mean value of 

each column +/-SEM. 

At 24 hours the spot counts increase when 1% CMC is used compared to 2% CMC also when 

Gamma variant was used (Figure 30; A, C). This again is due to overlapping spots, complicating 

the accurate counting of spots as in the Wild type strain. 

In general, in all the SARS-CoV-2 variants a decrease in spot size has been observed in plates 

with 2%CMC , making a spot count more accurate. When CMC 1% was used, the spot count 

was found to have similar values in all three timepoints; this effect is due to the overlapping 

of spots and therefore to an incorrect count. 

However, since 2% CMC gave better results specially for the Gamma and Beta variant 

compared to 1% CMC  but it is not practical the use because of its viscosity, a concentration 

in between (1.6%) is suggested to perform next experiments. This specific concentration has 

been already used in a previous study. 43 

 

Taken toghether, the selected conditions to apply to the optimized SARS-CoV-2  Viropot MN 

assay are the following: MEM medium without CO2 will be used in place  of DMEM with CO2; 

Pre-incubation of the serum dilutions mixed with virus will be performed at room 

temperature instead of 37°C. The incubation time will be 60 minutes; The incubation time of 

the serum/virus mixtures on the cells will be 60 minutes. Before the last incubation period, 

the inoculum is removed from the plate and replaced by infection medium  containing 1.6% 

CMC and the plates will be incubated for a total duration of 24 hours.  
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6. DISCUSSION 
 

In all epidemiological studies, the availability of a specific serological assay capable of 

providing the most reliable and accurate antibody response in a given sample, is an essential 

factor. This is mainly important during an emergency, such as epidemic or, even worse, a 

pandemic. Indeed, knowing which percentage of the population has already come in contact 

with the virus, and consequently developed a specific immune response, can drive the type 

and timing of prevention and containment measures. Virus nAbs can be induced by natural 

infection or vaccination, and they have a crucial role in controlling and limiting viral infection 

and transmission among people. 

In the first project of this thesis work (Project I) different microneutralization methods are 

presented which can be used to evaluate anti‐SARS‐CoV‐2 neutralizing antibodies (nAbs) in 

human samples. The aim of Project I was to compare a microneutralization assay (MN) with 

a read out based on evaluation of the cytophatic effect (CPE) via an optical microscope 

(subjective method) and a MN based on a colorimetric read out (objective method) for the 

detection of nAbs against SARS-CoV-2 Wild type strain. The performance of the MN assays 

was evaluated on a subset of samples that were previously tested by ELISA in the context of 

a seroepidemiological study at the University of Siena. A thorough setup of the MN assay 

performed with optical CPE readout was conducted before comparing it with the same assay 

performed with a colorimetric readout. First, to assess the MN CPE assay sensitivity in 

detecting neutralizing antibody against SARS-CoV-2 Wild Type, two different viral infective 

doses were used: a standard dose of 100 TCID50/well and a lower dose of 25 TCID50/well. 

Results of these experiments show that the 88,8 % of samples have the same titers using both 

25TCID0 and 100 TCID50, confirming the sensitivity and robustness of the SARS-CoV-2 MN 

CPE using a lower infective dose.    

Secondly, to evaluate the specificity of the MN CPE assay in detecting neutralizing antibodies 

against SARS-CoV-2 Wild type strain, four animal antisera against Influenza and Adenovirus 

and human CR3022 mAb were tested along with the other human serum samples. Since SARS‐

CoV‐2 and SARS‐CoV display a high sequence identity of the S protein, it is possible that SARS‐

CoV nAbs may elicit cross‐neutralization activity against SARS‐CoV‐2. Results obtained 

confirmed the specificity of the MN CPE assay to evaluate antibodies against SARS-CoV-2 and 

no ability of the CR3022 mAb to prevent viral attachment and entry into cell monolayer, which 

developed CPE in less than 48 hours post infection. On the other hand, the high signal 

registered on ELISA confirmed the potential of the CR3022 mAb to bind with high affinity an 

epitope on the RBD of the SARS‐CoV‐2 S protein. For human serum samples, the MN CPE assay 

confirmed that at least 50% of the samples tested positive on ELISA assay presented 

antibodies with neutralizing ability. This finding is broadly in line with previous Influenza 

studies, in which that assay was able to detect all binding antibodies without a prediction of 

their functionality. The fact that fairly low neutralizing titres were detected in samples and 
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that only half of those resulted to be positive on ELISA may be due to different factors: (a) at 

this stage the human population is completely naïve about this CoV strain, and several waves 

of exposure to the pathogen may be necessary to stimulate a strong neutralizing response; 

(b) as it has already proved for other viruses, such as Lassa 83 neutralizing antibodies are not 

always elicited after vaccination or natural infection; in fact, other mechanisms of the immune 

system may be involved in the protection, such as the complement‐fixation reaction mediated 

by IgG1 and IgG3, antigen‐dependent cellular cytotoxicity and T‐cell responses. Samples that 

are not able to show a high signal on ELISA (borderline samples) may, instead, have 

neutralizing capabilities, as it was confirmed by three of our samples. 

Once assessed the main critical conditions of the MN-CPE, an objective method of read‐out 

of the same assay was developed by using spectrophotometry and a solution containing 

0.02% of neutral red (able to stain lysosomes and other cell organelles) in lieu of the 

assessment with the optical microscope.  The CPE MN and the colorimetric MN CPE showed 

comparable MN titers of neutralizing antibody against SARS-CoV-2 Wild type strain, as also 

confirmed by Correlation, Bland-Altman, and ICC analysis. This suggests the suitability of 

performing the MN assay using an ‘objective’ read out method. One of the advantages of the 

colorimetric read‐out is that being a completely automated method, it offers a higher 

throughput, while inspection of each dilution well by means of the optical microscope slows 

down the process.  

However, the present study has limitations. At the time when the study was conducted, the 

major difficulty lied in the lack of a standardized positive control (now available) that would 

enable the proper standardization of the assays. Furthermore, the number of samples 

analysed in this preliminary assessment was small and to ensure that the colorimetric MN 

assay can provide clinically meaningful results, the method would require a validation.  

Moreover, since many others SARS-CoV-2 variants have emerged, the next step would be to 

include the analysis of neutralizing antibody in human serum samples against the new 

variants. 

To further investigate if the classical MN CPE correlate with other MN assays, the MN CPE was 

compared to a new MN platform: the Virospot MN assay (Project II). The Viropot MN 

combines classic virus culture techniques with automated sensitive detection of 

immunostained virus infected cells. In this method, a virus specific immunostaining was used 

as readout and then the images of all wells were acquired by a CTL ImmunoSpot analyzer. The 

MN CPE and Virospot MN were compared using a panel of human serum samples against 

SARS-CoV-2 Wild type and Alpha variant. Thsee two methods were performed in two different 

laboratories (located in different companies) and at a distance of 4 months each other. The 

neutralization titer (Mnt) of each sample yielded with the MN CPE reflected the highest 

sample dilution capable of protecting at least 50% of the cells from CPE, whereas the Mnt in 

the MN Virospot was expressed as the 80% and 90% of reduction point (MN80 and MN90, 

respectively), hence the 80% and 90% of the plaques reduction compared to the viral 

control.Log2-transformed titers obtained with the two assays were then compared. A 

difference in titers of 1.0 log2 dilution step (corresponding to a maximum titer difference of 
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2-fold) was defined as acceptable. The two assays were quite well in agreement when the 

tests were executed using the Wild Type strain. Greater differences were found when the 

CPE-based and the immunostaining-based methods were performed using the Alpha variant, 

which shows a lower agreement (72% for the comparison MN CPE vs MN80; and 64%, for MN 

CPE vs MN90) compared to the run where the Wild type strain was used (83% for MN CPE vs 

MN80; 81% for MN CPE vs MN90). The lower concordance observed between the two 

methods in the Alpha variant assays was particularly evident when comparing MN CPE titer 

values and MN90 Virospot results. This slight disagreement might have been caused by the 

presence of lower MN titers against the Alpha variant, compared to those yielded against the 

Wild Type strain. It is in fact well accepted that titers are less likely to correlate when they 

tend to be lower. Additionally, using the 90% of reduction points to express titer results can 

increase the sensitivity of the Virospot MN assay, which might as well explain the differences 

observed between MN CPE and MN90.  

Moreover, differences between the two MN assays may be explained by differences in 

readout: Virospot MN assay has a completely automated read-out, wells images are acquired 

by an immunospot analyzer equipped with software to quantitate the nucleocapsid-positive 

cells, then the serum samples titers are calculated according to the method described in 

previous reports. 61 On the other hand, the MN CPE read out is performed by the inspection 

of each well by an inverted optical microscope and can be affected by the subjective 

interpretation of the operator, although skilled and trained staff is unlikely to provide 

different results of the same evaluation.  

Furthermore, the two MN assays were performed in different laboratories, hence the 

inherent variability of the two methods such as cell culture conditions and incubation times 

(24 hours for Virospot MN assay and 72 hours for MN CPE assay) influenced the results. 

However, to ensure that the correlation can provide meaningful results, further analysis with 

a bigger number of samples and with other SARS-CoV-2 variants would be an added value. 

Moreover, to make the data more comparable it would be necessary convert all the results 

to international standard unit (IU/mL). The use of an International Standard (IS) with defined 

IU allows the accurate calibration of assays to an arbitrary unit, thereby reducing inter-

laboratory variation and creating a common language for reporting data. This would facilitate 

standardization of serological methods and comparability of datasets across different 

laboratories. The currently available IS and International Reference Panels for anti-SARS-COV-

2 immunoglobulins (provided by the National Institute for Biological Standards and Control, 

NIBSC) are pool of plasma samples obtained from COVID-19 convalescents people during the 

first semester of 2020, hence before SARS-COV2 VOC appearance. As such, these standards 

are only suitable to calibrate serological assays in which the Wild type SARS-COV-2 strain is 

used, and conversion to IU should be applied only to methods which utilize this virus. NIBSC 

is currently looking for sources of serum/plasma from vaccinated and/or recovered 

individuals for the development of working standards for each SARS-CoV-2 VOC. This material 

is supposed to be assessed in a WHO Collaborative study84 as done for the previous IS85. 
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Although beyond the scope of this thesis, the work performed in Project II also confirmed a 

trend for lower titers against the Alpha variant compared to those against the Wild type 

strain. As reported in literature in fact (Variants of concern), several mutations found in the 

Alpha variant can reduce the neutralizing activity of antibodies. The Alpha variant includes 17 

mutations and among these, eight mutations (Δ69–70 deletion, Δ144 deletion, N501Y, 

A570D, P681H, T716I, S982A, and D1118H) are in the S protein. Of those mutations, N501Y 

within the RBD enhances virus binding affinity to ACE2 receptor of host cells, and P681H is 

adjacent to the furin cleavage site in spike, which is a key determinant for transmission. 65 

These mutations affect the capabilities of the variant to infect cells and react with antibody-

containing serum samples in in vitro assays. Both MN CPE and MN Virospot methods were 

validated only for SARS-CoV-2 WT, strain BavPat1/2020, isolated in the beginning of the 

COVID-19 pandemic, but different test parameters might need to be optimized to make these 

assays more specific and sensitive for the analysis of samples against the new variants.  

In the last project (Project III), several new conditions were adapted in the SARS-CoV-2 

Virospot MN assay in order to assess its robustness and make this assay more sensitive for 

the detection of neutralizing antibodies against new SARS-CoV-2 variants. 

The selected conditions to apply to the new optimazed SARS-CoV-2  Viropot MN assay include 

the use of MEM medium without CO2 supplementation (MEM - CO2)  instead of DMEM with 

CO2 (DMEM + CO2). The MEM medium has been formulated with components that enhance 

cellular metabolism production and utilization of CO2 such that an exogenous source of 

CO2 is not required for the maintenance of CO2-dependent cellular functions. Results 

demostrate that samples generally yield higher MN titers when using MEM - CO2, compared 

to DMEM + CO2. The magnitude of the increase differed per variant virus used. Only one virus 

(Beta variant) among those evaluated showed nearly identical titer results with the two 

media. As the use of MEM – CO2 seems to increase the assay sensitivity with no evident effect 

on assay specificity, it is suggested to further investigate the use of this medium in further 

optimization/validation tests. The introduction of the carboxymethyl cellulose after the virus 

inoculation has been used as an immobilizing overlay medium to prevent viral infection from 

indiscriminately spreading through the mechanical flow of the liquid in order to have a well-

defined spots count. The results taken from each SARS-CoV-2 variant (WT, Alpha, Beta and 

Gamma) demonstrate that the spot sizes increase over time and the greatest increase is 

observed when using 1% CMC as opposed to 2% CMC. Also, because of increasing spot size, 

the spots will overlap when using 1% CMC, and this generates inaccurately high spot counts. 

However, since 2% CMC gave more readable results (especially for the Gamma and Beta 

variant) compared to 1% CMC but it is not practical to use because of its viscosity, a 

concentration in-between such as 1.6% can be suggested to improve the assay readout. This 

intermediate CMC concentration was already standardized in the Virospot assay optimized to 

evaluate anti-Influenza antibody response 43and should be evaluated in further optimization 

experiments. .  
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Results of Project III also show that serum and EDTA plasma are both suitable matrices to be 

tested in the SARS-CoV-2 Virospot MN assay. T-test analysis demonstrates the similarity in 

titers between results obtained with serum and plasma samples showing a p value < 0.05. 

Results about different time points for the first and second incubation show that the longer 

is the incubation, the higher are the MN titers. Spot count was also affected with the increase 

of incubation time, resulting in an increase of the spot counts. Moreover, in the first 

incubation between samples and virus, this effect was most pronounced when incubation 

was performed at 37°C and less so at RT. These results indicate that the assay will be more 

robust when incubation is performed at RT, instead of 37°C. Limiting the acceptable 

incubation period will also lead to more reproducible results. Therefore, it is suggested to 

perform future SARS-CoV-2 MN Virospot assays performing the first incubation at room 

temperature and limiting the duration for the first and second incubation steps at 60 minutes. 

As for the readout evaluation, the MN80 has been chosen as the reduction point. According 

to our analysis, results expressed as the 80% of reduction point compared to the Viral Control 

of each plate. Expressing the results as MN80 allows to improve detection of low positive titer 

values, as opposed to the use of MN90, which might make the test loose sensitivity, or of 

MN50, which may result in over-sensitivity of the assay (especially when using the MEM 

without CO2). 

In summary, the present work shows high correlation between the MN CPE assay and two 

different MN methods, Colorimetric MN and Virospot MN assay, in detecting neutralizing 

antibodies against SARS-CoV-2 in human serum samples. These two MN methods 

demonstrate to have advantages compared to the Classical MN CPE method, both being 

completely automated methods, and hence offering a higher throughput, while inspection of 

each dilution well by means of the optical microscope slows down the process. 

Nevertheless, the SARS-CoV-2 Virospot MN assay offers attractive advantages over the MN 

assay with a read out based on the cytophatic effect, including the relative insensitivity to 

variation in amount of infectious virus used in the test, independence from virus replication 

kinetic and suitability for high throughput analyses. The selected conditions from the 

optimization study made the SARS-CoV-2 Viropot MN assay more sensitive and robust despite 

data on the SARS-CoV-2 variants tested (Alpha, Beta and Gamma) show that these variants 

may be less susceptible to neutralization with a general decrease in MN titers compared to 

the Wild type strain. 
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7. CONCLUSIONS AND FUTURE PERSPECTIVES 
 

The SARS‐CoV‐2 microneutralization assays presented in this study resulted suitable for the 

quantification of the neutralizing antibody titre in serum samples. Together with ELISA assay, 

the microneutralisation assay should always be included for the evaluation and eventual 

licensing of the next generation vaccines in which the contribution of neutralizing antibodies 

directed against the virus  is often crucial in seroepidemiological and immunogenicity studies. 

Nevertheless, the necessity for a BSL3 laboratory could certainly be a limiting factor for 

neutralizing antibodies studies using live viruses, but it is currently the most reliable method 

in terms of results provided. A validation of these assay with the new SARS-CoV-2 variants 

and a panel of clinical sera should ensure stronger reproducibility data in support of the 

present results.  
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APPENDIX 1. SAMPLE LIST AND CLINICAL INFORMATION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Number 

of 

sample

Sample ID
Type of 

sample

Date of swab

collection for

COVID-19 

PC

Result of

COVID-

19 PCR

1 I100557073001 Serum 18.03.2020 positive

2 I100557074001 Plasma 18.03.2021 positive

3 I100557077001 Serum 18.03.2021 positive

4 I100557078001 Plasma 18.03.2020 positive

5 I100557085001 Serum not specified not specified

6 I100557086001 Plasma not specified not specified

7 I100557096001 Serum not specified not specified

8 I100557097001 Plasma not specified not specified

9 I100557101001 Serum not specified not specified

10 I100557102001 Plasma not specified not specified

11 I100557106001 Serum not specified not specified

12 I100557107001 Plasma not specified not specified

13 I100557119001 Serum 24.03.2020 positive

14 I100557120001 Plasma 24.03.2020 positive

15 I100557129001 Serum not specified not specified

16 I100557130001 Plasma not specified not specified

17 I100557138001 Serum not specified not specified

18 I100557139001 Plasma not specified not specified

19 I100557149001 Serum not specified not specified

20 I100557150001 Plasma not specified not specified

21 I100557160001 Serum 20.03.2020 positive

 shortness of breath, sore throat, headache, nasal congestion, diarrhea, lost sense of taste and sense of smell 

Symptoms

fever, shortness of breath, diarrhea

fever, shortness of breath, diarrhea

shortness of breath, sore throat, headache, nasal congestion, diarrhea, lost sense of taste and sense of smell

fever, cough, muscle & joint pain, headache, lost sense of taste and sense of smell

perature, cough, shortness of breath, muscle & joint pain, headache, diarrhea, lost sense of taste and sense of smell 

perature, cough, shortness of breath, muscle & joint pain, headache, diarrhea, lost sense of taste and sense of sme

fever, cough, shortness of breath, muscle & joint pain, sore throat, headache,

fever, cough, shortness of breath, muscle & joint pain, sore throat, headache

shortness of breath, muscle & joint pain, sore throat, headache, diarrhea, lost sense of taste and sense of smell

shortness of breath, muscle & joint pain, sore throat, headache, diarrhea, lost sense of taste and sense of smel

fever, headache

fever, headache

shortness of breath, muscle & joint pain, sore throat, headache, nasal congestion, diarrhea

shortness of breath, muscle & joint pain, sore throat, headache, nasal congestion, diarrhea

fever, cough, muscle & joint pain, headache, lost sense of taste and sense of smell

cough, muscle & joint pain, sore throat, diarrhea, lost sense of taste and sense of smell

cough, muscle & joint pain, sore throat, diarrhea, lost sense of taste and sense of smell

fever, cough, shortness of breath, headache, diarrhea, lost sense of taste and sense of smell

fever, cough, shortness of breath, headache, diarrhea, lost sense of taste and sense of smell

fever, cough, shortness of breath, muscle & joint pain, diarrhea, lost sense of taste and sense of smell
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